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This document is dedicated to the memory of Dr. Douglas Farrell of the
Florida Department of Environmental Protection and Dr. Donald Lear, U.S.
Environmental Protection Agency (retired). It is fitting that this effort to which they
volunteered so much of their invaluable experience and expertise be so dedicated.
The benthic community index which Doug developed is also cited here as the
“Farrell Index” in further recognition of his unselfish contribution to the protection
and management of our coastal resources. Much of the methodology described in
the coastal survey portion of this guide was developed from Don Lear’s pioneering
efforts.

The contributors to this manual sincerely hope that the good common sense,
attention to scientific veracity, and practical application of the information to
protect our marine resources - so ably personified by Don and Doug - is adequately
reflected in these pages.

Disclaimer

This manual provides technical guidance to States, Indian tribes and other authorized
jurisdictions to establish water quality criteria and standards under the Clean Water Act
(CWA), to protect aquatic life from the effects of pollution. Under the CWA, States and Indian
tribes are to establish water quality criteria to protect designated uses. State and Indian tribal
decision makers retain the discretion to adopt approaches on a case-by-case basis that differ
from this guidance when appropriate and scientifically defensible. While this manual
constitutes USEPA’s scientific recommendations regarding biological criteria to help protect
resource quality and aquatic life, it does not substitute for the CWA or USEPA’s regulations;
nor is it a regulation itself. Thus, it cannot impose legally binding requirements on USEPA,
States, Indian tribes or the regulated community, and might not apply to a particular situation
or circumstance. USEPA may change this guidance in the future.

This document has been approved for publication by the Office of Science and Technology,
Office of Water, U.S. Environmental Protection Agency. Mention of trade names, products, or
services does not convey and should not be interpreted as conveying, official USEPA approval,
endorsement or recommendation.

The suggested citation for this document is:
Gibson, G.R., M.L. Bowman, J. Gerritsen, and B.D. Snyder. 2000. Estuarine and Coastal Marine

Waters: Bioassessment and Biocriteria Technical Guidance. EPA 822-B-00-024. U.S.
Environmental Protection Agency, Office of Water, Washington, DC.



Acknowledgments

The authors wish to express their sincere appreciation to the Estuarine and Coastal
Marine Biocriteria Workgroup and the peer reviewers (Arthur Newell - NYDEC,
Judith Weis - Rutgers University, John Gentile - University of Miami, Edward Long -
NOAA, and Robert Diaz - Virginia Institute of Marine Science).

Estuarine and Coastal Marine Biocriteria Workgroup Attendees

Suzanne Bolton

National Marine Fisheries Service

(ST2)

1315 East/ West Hwy.
Silver Spring, MD 20910
301-713-2363

Michael L. Bowman
Tetra Tech, Inc.

10045 Red Run Blvd.
Suite 110

Owings Mills, MD 21117

Dan Campbell

c/o USEPA ERL/ORD
University of Rhode Island
27 Tarzwell Drive
Narragansett, RI 02882

Dan Dauer

Department of Biology
Old Dominion University
Norfolk, VA 23529
804-683-3595

Robert Diaz

VA Institute of Marine Science
Glouchester Point, VA 23062

804-642-7364

1992 - 1997
(Long Term Participation)

Cindy Driscoll

MD Department of Natural Resources
Oxford Laboratory

904 S. Morris St.

Oxford, MD 21654

410-226-0078

Charles Eaton
Bio-Marine Enterprises
2717 3'* Avenue North
Seattle, WA 98109
206-282-4945

Larry Eaton

NC Division of Water Quality
4401 Reedy Creek Road
Environmental Sciences Bldg.
Raleigh, NC 27607
919-733-6946

Douglas Farrell*

FL Department of Environmental
Protection

3804 Coconut Dr.

Tampa, FL 33619-8218

Brigette Farren

USEPA, Region III

1650 Arch Street
Philadelphia, PA 19103-2029
215-814-2767

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance iii



Chris Faulkner

USEPA, OWOW (4503F)
1200 Pennsylvania Ave.
Washington, DC 20460
202-260-6228

Jeroen Gerritsen

Tetra Tech, Inc.

10045 Red Run Blvd.
Suite 110

Owings Mills, MD 21117

George Gibson, Jr. (4304)

USEPA

Office of Water

Office of Science and Technology
1200 Pennsylvania Ave.
Washington, DC 20460
410-305-2618

Steve Glomb

U.S. Fish and Wildlife Service
4401 N Fairfax Dr.

Room 400

Arlington, VA 22203
703-358-2201

George Guillen
TX Water Commission
District 7

5144 East Sam Houston Parkway, N

Houston, TX 77015
713-457-5191

Susan Jackson

USEPA, OST/HECD (4304)
1200 Pennsylvania Avenue, NW
Washington, DC 20460
202-260-1800

Steve Jordan

MD Department of Natural Resources
904 South Morris Street

Oxford, MD 21654

410-226-0078

Don Kelso

George Mason University
3016 King Hall

4400 University Drive
Fairfax, VA 22030

Steve Kent

FL Department of Environmental
Protection

3319 Maguire Blvd.

Suite 232

Orlando, FL 32803

Don Lear*

Anne Arundel Community College
101 College Pkwy

Arnold, MD 21012

410-647-7100

Beth McGee

U.S. Fish and Wildlife Service
Chesapeake Bay Field Office
1777 Admiral Cochrane Drive
Annapolis, MD 21401
410-573-4524

Margaret McGinty

MD Department of Natural Resources
Tidewater Ecosystem Assessment
Annapolis, MD 21401

410-260-8637

Gil McRae

FL Marine Research Institute
100 Eighth Ave., SE

St. Petersburg, FL 33701
727-896-8626

727-823-0166 (fax)

Acknowledgements



William Muir

USEPA Region III

1650 Arch Street (3ES41)
Philadelphia, PA 19107
215-814-2541

Walt Nelson

USEPA

2111 SE Marine Science Dr.
Newport, OR 97365-5260
541-867-4041

Art Newell

NY Department of Environment
Division of Marine Resources
Building 40, SUNY

Stonybrook, NY 11790-235
516-444-0430

*  Deceased

Acknowledgment:

Dave Russell

USEPA Region III
Environmental Science Center
701 Mapes Road

Ft. Meade, MD 20755-5350
410-305-2656

Steve Wolfe

FL Department of Environmental
Protection

2600 Blair Stone Road
Tallahassee, FL 32399

Additional scientific, technical, editorial, and production contributions were made
by William Swietlik (USEPA), Laura Gabanski (USEPA), Jim Latimer (USEPA),
David Scott (Dalhousie University), Gail Chmura (McGill University), Zorana
Spasojeviz (McGill University), Jerome Diamond (Tetra Tech, Inc.), Abby Markowitz
(Tetra Tech, Inc.), Kristen Pavlik (Tetra Tech, Inc.), Brenda Fowler (Tetra Tech, Inc.),
Erik Leppo (Tetra Tech, Inc.), and Regina Scheibner (Tetra Tech, Inc.). This

document was prepared by Tetra Tech, Inc.

For the Ocean City/Bethany Beach case study in Section 13.6, thanks are given to
David Russell, USEPA Region III provided taxonomic identifications, William Muir,
USEPA Region III assisted with data gathering, Eileen Watts, USEPA Region III
provided data analysis. Jeroen Gerritsen, Tetra Tech, Inc. offered constructive
comments, and Kristen Pavlik, Tetra Tech, Inc. made final editorial changes. Their
essential contributions to this report are greatly appreciated.

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance






Estuarine and Coastal Marine Waters:
Bioassessment and Biocriteria Technical Guidance

CONTENTS

Listof Figures . ... ... ... o i XV
Listof Tables .. ... ... .. xxi
Acronym List .. ... XXV
Executive Summary ...... ... ... XXix
CHAPTER 1: Introduction: Bioassessment and Biocriteria ...................... 1-1
1.1 RATIONALE . ... 1-1
1.1.1  Water Quality Monitoring ............. ... .. ... . ... . ..., 1-1
1.1.2  Advantages of Bioassessment and Biocriteria ..................... 1-1
1.2 LEGALORIGINS . ... e 1-2
121 CleanWater Act ....... ... ... 1-2
1.2.2  305(b) Reporting . ....... ...t 1-2
1.23  301(h) and 403(c) Programs .................... i, 1-2
1.24  304(a) Criteria Methodology .......... ... .. ... . ... . ... . ... 1-2
1.25  Biocriteria .......... .. ... 1-5
1.3 USESOF BIOCRITERIA . .. ... e 1-5

1.3.1  The Use of Bioassessment Data to Establish Biocriteria Appropriate
to Designated Beneficial Uses .................................. 1-6
1.3.2  Expansion and Improvement of Water Quality Standards .......... 1-9
1.3.3  Detection of Problems Other Methods May Miss or Underestimate .. 1-9
134  Helping the Water Resource Managers Set Priorities .............. 1-9

1.3.5  Use of Biosurveys and Biocriteria to Evaluate the Success or Failure
of Management Initiatives or Regulations ........................ 1-9
14  PROGRAM INTERDEPENDENCE ....... ... ... i, 1-10
1.5 IMPLEMENTING BIOLOGICAL CRITERIA ....... ... ... .. ......... 1-10
1.6 CHARACTERISTICS OF EFFECTIVE BIOCRITERIA .................... 1-11
1.7 CONCEPTUAL FRAMEWORK ....... ... . i 1-11
1.7.1  Indicators of Biological Integrity and Survey Protocols ........... 1-12
1.7.2  ComparisontoaReference ............ ... . ... ... ... ... 1-15
173  AssessmentTiers .............. ... ... ... . ... 1-16

vii Contents



CONTENTS (CONTINUED)

CHAPTER 2: Biological Survey ........... ... ... 2-1
21  INDICATORS OF BIOLOGICAL INTEGRITY . ..... ... it 2-1
22  PRIMARY MEASURES OF COMMUNITY CONDITION AND CHANGE ... 2-1
221  Benthic Macroinvertebrates ........... ... .. ... .. i 2-1
222 Fish ..o 2-2
223  Aquatic Macrophytes ........... ... ... 2-3
224  Phytoplankton ....... ... ... 2-4
23  MEASURES OF COMMUNITY CONDITION AND CHANGE BEING
DEVELOPED . ... 2-5
231 Zooplankton .. ... 2-5
232 Epibenthos....... ... .. 2-6
23.3  Paleoenvironmental Reconstruction: preserved remains ........... 2-7
24  THE USE OF INDEXES TO COMPILE AND EVALUATE
BIOLOGICAL DATA ... e 2-7
25 INDICATOR TAXA ... 2-9
CHAPTER 3: Habitat Characterization ................. .. ... . ... . ........ 3-1
31 FLOW AND HYDROGRAPHY ...... ... ... . 3-2
311  Circulationand Tidal Regime ............. ... ... ... . ..... ... 3-2
32  HABITATTYPES ... 3-3
321  OpenWater ... ... . 3-4
3.22  Soft Bottom Substrates ............ . ... . . il 3-4
3.23  Hard Bottom Substrates ............ .. ... ... i 3-5
3.24  Aquatic Macrophytes ........... . ... ... i 3-5
325 Beaches ......... ... 3-6
32,6 Sandflats ......... ... 3-6
327 Mudflats ... .. 3-7
328 EmergentMarshes ....... ... . .. 3-7
329 MangroveForests........... ... ... . i 3-7
33  WATER COLUMN CHARACTERISTICS . .............. ... oot 3-7
331  Salinity . ... 3-9
332 Temperature ......... ... .. 3-10
333 Dissolved Oxygen ........ ... .. i 3-10
334  pH .. 3-12
335  Turbidity ...... ... 3-12
33.6  Nutrients .......... . 3-13
337 Contaminants ............. .. ... ... i 3-14
338  Depth ... 3-15

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance



CONTENTS (CONTINUED)

34  BOTTOM CHARACTERISTICS ....... ... ... ... 3-15
341 SedimentGrainSize........... ... .o 3-16
342 Total Organic Carbon, Total Volatile Solids, and Acid Volatile
Sulfides ... .. 3-16
343  Sediment Oxidation-Reduction Potential ..................... ... 3-17
344  Sediment Contamination ................ ... ... ... 3-18
3.5  PROPOSED HABITAT PARAMETERS .. ........ i 3-18
351  TierQ ... 3-20
352  Tierl ... 3-20
353  THer 2 e 3-21
354  Tier3 ... 3-22
CHAPTER 4: Physical Classification and the Biological Reference Condition ....... 4-1
41  CLASSIFICATION APPROACH . ... ... 4-1
42  PHYSICAL CLASSIFICATION ... oot e 4-4
421  GeographicRegion .......... .. ... ... ... ..ol 4-4
422  Estuarine Categories ............ ... . ... ... il 4-5
423  Watershed Characteristics .............. . ... i, 4-6
424  Waterbody Characteristics ................ ... . ... ... . ..., 4-6
43  ESTABLISHING BIOLOGICAL REFERENCE CONDITIONS .............. 4-7
431 Historical Data ........ ... 4-7
432 ReferenceSites ........ ... ... .. ... 4-8
433  Models ... .. 4-9
434  Expert Opinion/CoOnSensus . ...........uveuuuneiunnneennnnenn. 4-10
44  USE OF REFERENCE SITES TO CHARACTERIZE
REFERENCE CONDITION . ... 4-11
441  Selected ReferenceSites ............ .. ... ... . ... . . 4-12
442  Reference Condition Derived From Population Distribution ....... 4-16
443  Site Specific Reference Sites .............. . ... . i 4-17
CHAPTER 5: Sampling Program Issues, Biological Assemblages, and Design ... ... 5-1
51  ASSEMBLAGES . ... 5-1
51.1  Benthic Macroinvertebrates (Infauna) ........................ ... 5-2
51.2  Fish ..o 5-14
513  Aquatic Macrophytes ......... . ... . ... i 5-15
514  Phytoplankton ......... .. ... . 5-16
515  Zooplankton (Developmental) ........... ... ... ... ... ...... 5-18

ix Contents



CONTENTS (CONTINUED)

51.6  Epibenthos (Developmental) ........ .. ... ... . ... . ... .. ...
51.7  Paleoenvironmental Systems (Developmental)...................
52  SAMPLING DESIGNISSUES ............... ... ... ... .. oo it
521  Statementof the Problem ................ ... ....... ... ... ...
52.2  Definition of the Assessment Unit..............................
523  Specitying the Population and Sample Unit .....................
524  Sources of Variability ......... ... ...
525  Alternative Sampling Designs .................................
52,6  Optimizing Sampling ......... .. ... ... i
CHAPTER 6: Water Column & Bottom Characteristics ........................
6.1  SALINITY, TEMPERATURE, DISSOLVED OXYGEN & pH ..............
6.2 SECCHIDEPTH ..... ...
0.3  DEPTH ...
6.4  SEDIMENTGRAINSIZE ...... ...
6.4.1  Estimation of “percent fines” (Tier1) ............. .. ... .. ......
6.42  Sediment Grain Size (Tiers2and3) ........... ... ... ... .....
6.5 RPDLayerDepth ..... ... .. ...
6.6 TOTAL VOLATILESOLIDS . ..........iiiii i
6.7  SEDIMENT CONTAMINANT TOXICITY ...,
6.7.1  10-day Static Sediment Toxicity Tests with Marine and Estuarine
Amphipods ... ..
6.7.2  10-day Static Sediment Toxicity Tests with Marine and Estuarine
Polychaetous Annelids ........... ... ... ... .. ... ... .
6.7.3  Static Accute Toxicity Tests with Echinoid Embryos ..............
6.74  Toxicity Tests Using Marine Bivalves ...........................
6.8  NUTRIENTS (Tiers 2&3) ...t
6.9 TOTAL ORGANIC CARBON (Tiers2&3) .............. ... ...t
6.10 WATER COLUMN CONTAMINANTS (Tier3) .........................
6.11 ACID VOLATILE SULFIDES (Tier3) ............ccoiiiiiiiiiiiiiinnnn.
6.12 SEDIMENT CONTAMINANTS ............ .. i
CHAPTER 7: Tier 0: Desktop Screening ............ .. ... ...,
71  AREA AND GEOMORPHOMETRIC CLASSIFICATION ................
72  HABITAT TYPE ... e
73  WATERSHED LANDUSE ...... ... . i
74  POPULATION DENSITY ... ...
75 NPDESDISCHARGES . ... ... ... e

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance



CONTENTS (CONTINUED)

7.6 BIOLOGICAL ASSEMBLAGES . ........ . i 7-2
7.7  WATER COLUMN AND BOTTOM CHARACTERISTICS ................. 7-3
CHAPTER 8: Tier 1 ... 8-1
81  BENTHOS . ... o 8-1
811  Sampling Procedure .......... .. ... ... . . . i 8-3
81.2 IndexPeriod ....... ... .. ... 8-3
813  Analysis ......... 8-3
8.2  FISH . ... o 8-3
821  Sampling Procedure .......... .. ... . ... il 8-3
8.2.2  Sample Processing ................. i 8-4
83  MACROPHYTES ..... ... . 8-4
84  PHYTOPLANKTON . ... 8-5
CHAPTER 9: Tier 2 ... e e e 9-1
9.1  BENTHOS ... 9-1
91.1  Sampling Procedure ........... . ... . ... i 9-2
912 IndexPeriod ........ ... ... . ... 9-3
913  Analysis ...t 9-3
0.2 FISH ... 9-3
921  Sampling Procedure ........... ... .. ... i 9-3
922  Sample Processing ............... i 9-3
923  Analysis ......... . 9-3
9.3  MACROPHYTES . . .. 9-3
93.1  Sampling Procedure ........... . ... . . ... i 9-3
932 IndexPeriod ......... .. .. ... 9-4
933  ANalysis ... 9-4
94  PHYTOPLANKTON ... .. 9-4
941  Sampling Procedure .......... .. ... . ... i 9-4
942 IndexPeriod ........ ... ... ... 9-4
943  Analysis .......... .. 9-5
9.5  EPIBENTHOS (Developmental) ......... ... .. . ... 9-5
95.1  Sampling Procedure ........... . ... . ... i 9-5
952 IndexPeriod ......... ... ... 9-5
953  Analysis ... 9-5
CHAPTER 10: Tier 3 . .. 10-1
10.1  BENTHOS ... e 10-1

Xi Contents



CONTENTS (CONTINUED)

10.1.1  Sampling Procedure .............. .. ... ... L. 10-3
10.1.2 IndexPeriod ......... ... ... . . . i 10-3
10.1.3  Analysis ... i 10-3
10.2  FISH . .. 10-3
1021 Sampling Procedure ............. .. ... ... L. 10-3
10.2.2  Sample Processing .......... ... ... i 10-3
10.2.3  Analysis ... 10-3
10.3 MACROPHYTES . . ... e 10-3
10.3.1 Sampling Procedure ........... .. ... . .. .. i 10-4
10.3.2 IndexPeriod ......... ... .. . .. . i 10-4
10.3.3  Analysis . ... 10-4
104 PHYTOPLANKTON ... .. e 10-4
10.4.1 Sampling Procedure ........... .. ... . .. .. i 10-4
10.4.2 IndexPeriod .......... ... . . . . i 10-4
10.4.3  Analysis . ... 10-4
10.5 EPIBENTHOS (Developmental) .......... ... .o .. 10-4
10.5.1 Sampling Procedure ............ ... . ... il 10-4
10.5.2 IndexPeriod .......... ... ... ... 10-4
10.5.3  Analysis ... 10-4
10.6 ZOOPLANKTON (Developmental) ........... ... ... .. 10-4
10.6.1 Sampling Procedure .............. .. ... ... L. 10-5
10.6.2 IndexPeriod .......... ... ... . . . 10-5
10.6.3  Analysis ... 10-5
10.7 PALEOENVIRONMENTAL SYSTEMS (Developmental) ................. 10-5
10.7.1 Sampling Procedure ............ ... .. ... il 10-5
10.7.2  Sample Processing ............. ... 10-6
10.7.3  Analysis. ...... ... 10-6
CHAPTER 11: Index Development ............ ... ... i, 11-1
11.1  OVERVIEW ... e 11-1
11.2 CLASSIFICATION AND CHARACTERIZATION OF REFERENCE
CONDITION . .. e e 11-2
11.21  Existing Classifications ............... ... . ... ... ... 11-3
11.2.2  Assessing a priori Classifications ......................... ... ... 11-6
11.3 INDEXDEVELOPMENT ....... ... . . . . . i 11-6
11.3.1 MultimetricIndex ....... .. ... ... .. 11-7
11.3.2 Discriminant ModelIndex ......... ... ... ... .. ... ... ... 11-13
11.3.3 Index Derived from Multivariate Ordination ................... 11-14

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance Xii



CONTENTS (CONTINUED)

CHAPTER 12: Quality Assurance: Design, Precision, and Management . .......... 12-1
121 PROGRAMDESIGN ... e 12-1
121.1 Formulationof a Study Design .................. . ... .. ...... 12-2
12.1.2  Establishment of Uncertainty Limits......................... ... 12-2
12.1.3 Optimizing the Study Design: Evaluation of Statistical Power ..... 12-3
122 MANAGEMENT . ... 12-7
1221 Personnel ....... ... 12-7
1222 ReSOUICES .. ...ttt e i 12-7
123 OPERATIONAL QUALITY CONTROL .......... ... ... oot 12-7
12.3.1  Field Operations . ...ttt 12-8
12.3.2 Laboratory Operations ..................ooiiiiiiiniinnnnan. 12-9
1233 Data Analysis ......... ... 12-9
1234 Reporting .. ..... ..ot 12-9
CHAPTER 13: Case Studies . ....... ... ... i 13-1

13.1 PUGET SOUND - DEVELOPMENT OF TRAWL-BASED TOOLS FOR
THE ASSESSMENT OF DEMERSAL FAUNA (MACROINVERTEBRATES

AND FISHES): A PUGET SOUND PILOT STUDY ....................... 13-1
13.1.1 Study Objectives . ...... ... 13-1
13.1.2 Study Methods ....... .. 13-2
13.1.3 Study Results ....... ... ... 13-3

13.2 GALVESTON BAY - DEVELOPMENT OF A RAPID BIOASSESSMENT
METHOD AND INDEX OF BIOTIC INTEGRITY FOR COASTAL
ENVIRONMENTS: NORTHWESTERN GULF OF MEXICO PILOT

STUDIES . ... ..o 13-9
13.21 Study Objectives . ... ... ... i 13-9
1322 StudyMethods ...... ... . 13-9
13.23 Study Results ....... ... . 13-10
13.3 TAMPA BAY - DEVELOPMENT OF A COMMUNITY-BASED METRIC
FOR MARINE BENTHOS: A TAMPA BAY PILOT STUDY .............. 13-21
13.3.1 Study Objectives . ... 13-21
13.3.2 Study Methods ........ ... ... . . 13-21
1333 StudyResults ...... ... 0 ... 13-23

13.4 NORTH CAROLINA - COMPARISON OF BIOLOGICAL METRICS
DERIVED FROM PONAR, EPIBENTHIC TRAWL, AND SWEEP NET

SAMPLES: A NORTH CAROLINA PILOT STUDY ..................... 13-25
13.4.1 Study Objectives . ... ... ... 13-25
13.4.2 Study Location ........ ... ... i 13-25

Xiii Contents



CONTENTS (CONTINUED)

1343 Study Methods ........ ... ... .
1344 Results .. ...
1345 Summary ...
13.5 INDIAN RIVER, FLORIDA - FIELD VERIFICATION OF MARINE
METRICS DEVELOPED FOR BENTHIC HABITATS: INDIAN RIVER
LAGOON, FLORIDA PILOTSTUDIES . ...... .. ...
13.5.1 Study Objectives . ...... ...t
13.5.2 Study Methods ........ ... ... .
1353 StudyResults ...... ...
13.6  OCEAN CITY, MD - BETHANY BEACH, DE - A PRELIMINARY STUDY
OF THE USE OF MARINE BIOCRITERIA SURVEY TECHNIQUES
TO EVALUATE THE EFFECTS OF OCEAN SEWAGE OUTFALLS
IN THE MID-ATLANTIC BIGHT ..... .. i
13.6.1 Study Objectives ... ... ... ...
13.6.2 Study Methods ....... .. . .
13.6.3 Study Results ....... . ... ... . .
13.6.4 Discussionand Conclusions ..................... ... .. ......
13.6.5 Use of the Bethany Beach-Ocean City Data to Illustrate
Biocriteria Development ........ ... ... ... . i L
13.7 ENVIRONMENTAL QUALITY OF ESTUARIES OF THE CAROLINIAN
PROVINCE: 1995 . ... .. e
13.71 Background/Objectives ............ ... ... ... . ...
13.72 Methods ... ... .
13.7.3 BenthicInfaunalIndex ......... .. ... ... . .. i ...
1374 Results . ...
13.8 ASSESSMENT OF THE ECOLOGICAL CONDITION OF THE
DELAWARE AND MARYLAND COASTALBAYS .....................
13.81 Background ........ ... ...
13.82 Methods . ...
13.8.3 Results/Conclusions ...............uiiiiiiiininnnann..

GloSSary . ...
Literature Cited . . ... ...

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance

Xiv



Figure
1-1
1-2

1-3

3-1
4-1

4-2

4-6

LIST OF FIGURES

Biocriteria for given classifications of estuaries and coastal marine areas . ..

Program interdependence ............... ... il

The process for progressing from the classification of an estuary to

assessing the health of the estuary. Adapted from Paulsen etal. 1991 . ..
General comparison of Tiered Approach ......... ... ... ... ... ....
Chemicals measured in sediments by the EMAP-Estuaries program . ...
Graphical representation of bioassessment ..........................
Classification and assessment ................... ... ... ...

Biogeographical provinces. Adapted from Holland 1990 ..............

Estuarine and coastal marine biocriteria survey method useful for
stratified random (population distribution) reference site selection. Wet
season/high flow salinity pattern showing mainstem sampling sites for

four salinity and three substrate classifications .......................

Estuarine and coastal marine biocriteria survey method useful for
a priori reference site selection. Wet season/high flow salinity
pattern showing tributary reference sites and mainstem transects

for four salinity and three substrate classifications . ...................

Estuarine and coastal marine biocriteria survey method useful
for a prori reference site selection. Dry season/low flow salinity pattern
showing tributary reference sites and mainstem transects for four

salinity and three substrate classifications ...........................

XV

Contents



Figure

4-7

4-8

4-9

4-10

5-2

11-1

11-2

11-3

11-4
11-5

11-6

LIST OF FIGURES (CONTINUED)

Hypothetical cumulative frequency distribution of metric values for all
sites in a given estuarine or coastal marine class. The dotted line
shows the metric value corresponding to the 95" percentile ............. 4-17

Estuarine and coastal marine biocriteria survey method useful for
stratified random (population distribution) reference site selection. Dry
season/low flow salinity pattern showing mainstem sampling sites

for four salinity and three substrate classifications...................... 4-18

Estuarine and coastal marine survey method for navigation channel
ASSESSIMENT . . ...t 4-20

Estuarine and coastal marine biocriteria survey method useful for
marine site selection ............ . .. o 4-20

Cross-section of sediment in clamshell bucket illustrating acceptable
and unacceptablegrabs .. ...... ... 5-9

Description of various sampling methods .......................... ... 5-28

The process for progressing from the classification of an estuary to
assessing the health of the estuary. Adapted from Paulsen etal. 1991 .. ... 11-3

Mean number of species and salinity at EMAP-Estuaries sampling
stations in the Virginian Province (from Weisbergetal. 1993) ............ 11-4

Hypothetical box plot illustrating how a successful metric discriminates

between reference and stressed sites . ........... ... ... ... ... 11-9
Basis of metric scores using the 95" percentile as a standard ............ 11-11
Steps 1-3. Establishing site scores on a contamination gradient ......... 11-16
Step 5. Abundance of species A and contamination scores. ............. 11-17

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance XVi



LIST OF FIGURES (CONTINUED)

Figure
12-1 Effect of increasing sample size from n, ton, on power ................. 12-4
12-2  Example sample size calculations for comparing proportions and

populationmeans . . ... 12-8
12-3  Six qualitative and quantitative data characteristics usually employed to

describe data quality ........ ... .. .. 12-9
13-1  General location of the case studies .................................. 13-2
13-2a  Bony fish abundance and total fish abundance for reference and

contaminated sites .......... ... .. 13-4
13-2b  Bony fish biomass and total fish biomass for reference and

contaminated sites ......... ... .. i 13-4
13-2c  Mean individual weights of fish species from contaminated and reference

stations . ... ... 13-5
13-3  Ponar samples: biotic index vs. salinity ................. ... ... ... 13-28
13-4  BI, total taxa and amphipod, and caridean taxa by salinity ............. 13-29
13-5  Development of biocriteria ........... .. .. .. i 13-31
13-6  Bethany Beach - Ocean City studyarea .............................. 13-40
13-7  Bethany Beach - Ocean City sampling locations ....................... 13-41
13-8a  Total number of macroinvertebrate individuals at Bethany Beach sites;

summer data, N=9 . ... 13-44
Xvii Contents



LIST OF FIGURES (CONTINUED)
Figure

13-8b  Total number of macroinvertebrate individuals at Ocean City sites;
summerdata, Nn=9 ... .. L 13-44

13-9a  Total number of macroinvertebrate taxa at Bethany Beach sites;
summer data, N=9 . ... 13-45

13-9b  Total number of macroinvertebrate taxa at Ocean City sites; summer
data, D=9 .. 13-45

13-10a Simpson’s dominance index for macroinvertebrates at Bethany Beach
sites; summer data, N=9 . . . ... 13-46

13-10b Simpson’s dominance index for macroinvertebrates at Ocean City sites;
summer data, D=9 . ... 13-46

13-11a Shannon-Wiener diversity index for macroinvertebrates at Bethany
Beach sites; summerdata,n=9 ........ ... ... ... ool 13-47

13-11b Shannon-Wiener diversity index for macroinvertebrates at Ocean City
sites; summer data, n=9 ... ... .. 13-47

13-12a Richness index for macroinvertebrates at Bethany Beach sites;
summer data, N=9 . ... 13-48

13-12b Richness index for macroinvertebrates at Ocean City sites; summer

data, N=9 .. 13-48
13-13  Proposed diagnostic nearfield stationarray .......................... 13-51
13-14 1995 Carolinian Province sampling stations .......................... 13-56

13-15  Frequency distribution of index scores for undegraded vs. degraded
stations in 1993/1995 “development” dataset ........................ 13-62

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance XViii



LIST OF FIGURES (CONTINUED)

Figure
13-16  Comparison of the percent of expected bioeffects detected with the

benthic index vs. (A) four sediment bioassays and (B) three individual

infaunal attributes ....... ... ... 13-63
13-17  Percent area (and 95% C.1.) of CP estuaries with higher > 1.5 to <3),

and low (< 1.5) benthic indexvalues.......... ... ... ... ... ... .... 13-64
13-18  Comparison of benthic index values by estuarine class and subregion ... 13-64
Xix Contents



Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance



LIST OF TABLES

Table
1-1 Applications of estuarine biological monitoring protocols and biocriteria ... 1-3
1-2 Impacts on the marine environment of the Southern California Bight.

Modified from Bernsteinetal. 1991 .............. ... ... ... ... ... ... 1-7
3-1 Habitat measurements for estuaries and coastal marine waters ........... 3-23
4-1 Comparison of elements for characterizing reference conditions (adapted

from Gerritsenetal. 1995) . ... ... .. . 4-9
5-1 Potential benthic macroinvertebrate metrics ...................... ... .. 5-3
5-2 Metrics from which the EMAP Virginian and Louisianian benthic indexes

weredeveloped . ..... ... 5-4
5-3 Sampling summary for infaunal benthic macroinvertebrates .............. 5-5
5-4 Summary of bottom sampling equipment (adapted from USEPA 1992,

Klemmetal. 1992, and ASTM 1991) . ... ...t e 5-7
5-5 Mesh sizes used in estuary benthic monitoring programs ................ 5-14
5-6 Sampling summary forfish ......... ... ... ... ... il 5-15
5-7 Potential aquatic macrophyte metrics ............... ... ... ... ... ... 5-17
5-8 Sampling summary for aquatic macrophytes ................. ... ... .. ... 5-17
5-9 Sampling summary for phytoplankton ................. ... . ... .. ... 5-17
5-10  Sampling summary for epibenthos . ............. . ... .. ... o i 5-20
5-11 Potential paleoecological indicators ..................... ... .......... 5-22
5-12  Sampling summary for paleoenvironmental systems .................... 5-22
XXi Contents




LIST OF TABLES (CONTINUED)
Table

6-1 Water Column & Bottom Characteristics. “Addition” refers to added

detail or intensities for a parameters initiated in an earlier tier ............. 6-2
7-1 Tier 0 Desktop screening for estuaries and coastal marine waters .......... 7-1
8-1 Tier 1 Assessment. Requires single field visit in spring or summer

index period . ... 8-2
9-1 Tier 2 Assessment. Requires two or more field visits, one of which

should occur within chosen index period. In addition to requirements

fromTier O &1 .. ... o 9-2
10-1  Tier 3 Assessment. Requires four or more field visits, one of which

should occur within the chosen index period. In addition to requirements

fromTiers 0-2 ... ... o 10-2
11-1  Potential metrics for macrophytes, benthic macroinvertebrates, and fish

that could be considered for estuaries. Redundancy can be evaluated

during the calibration phase to eliminate overlapping metrics ............ 11-8
11-2  Estuarine fish IBI metrics proposed by Thompson and Fitzhugh (1986) ... 11-13
11-3  Maryland estuarine fish IBI metrics ..................... ... .. ...... 11-14
12-1  Errorsin hypothesistesting ........... ... .. ... . ... . ... 12-4
122 Common values of (Z, + Z,;)” for estimating sample size for use with

equations 1 and 2 (Snedecor and Cochran1980) ........................ 12-6
12-3  Example QC elements for field and laboratory activities ................ 12-10
13-1 A preliminary list of tolerant and sensitive fish and invertebrate species

from the Tacoma Waterways and Quartermaster Harbor ................ 13-6
13-2  Candidate attributes of demersal fauna showing significant differences

inthe presentstudy ........ ... . . 13-7
Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance XXii



LIST OF TABLES (CONTINUED)

Table
13-3  Rationale for the inclusin of proposed nekton community metrics .. ...... 13-12
13-4  Proposed seine metrics for use in an estuarine IBI along Texas coast . . . . .. 13-15
13-5  Proposed trawl metrics for use in an estuarine IBI along Texas coast .. ... 13-16
13-6  Proposed gillnet metrics for use in estuarine IBI along Texas coast ....... 13-17
13-7  Proposed fish health index and condition factors for use in estuarine

rapid bioassessments of Texas Gulf coast tidal tributaries ............... 13-18
13-8  Advantages and disadvantages to using the epibenthic Renfro beam

trawl for the sampling of benthos . ............. ... . ... ... o 13-22
13-9  Farrell epifaunal index results for the Fort Desoto Park - Tampa Bay

PilotStudy ......... .. 13-24
13-10 Advantages and disadvantages noted for the three benthic assemblage

collectionmethods . ....... ... ... ... 13-26
13-11 Functional metrics for the three benthic assemblage collection methods . .. 13-28
13-12 Comparison between winter and summer samples of the ability of the

various metrics tested to discriminate between impaired and low

Impairment sites ............ . ... 13-37
13-13 Establishment of reference condition using the mean of the interquartile

range of scores for three referencesites ............................... 13-52
13-14 Comparison of the reference condition derived biocriteria to the

interquartile range of scores at the Bethany Beach and Ocean City

outfalls . .. ... . 13-53
13-15 Estuarine resources of the Carolinian Province ........................ 13-57
13-16 Core environmental indicators for the Carolinian Province . ............. 13-58
XXiii Contents



LIST OF TABLES (CONTINUED)

Table
13-17 Exposure indicators under development in the Carolinian Province . ... .. 13-59
13-18 Environmental parameters for the Maryland/Delaware Coastal Bays . ... 13-68

13-19 Chesapeake Bay submerged aquatic vegetation habitat requirements
for a polyhaline environment (Dennisonetal. 1993) .................... 13-68

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance XXiv



Acronym List

APHA
AVS
BMP
CCA
CDF
CSREES
CTD
CV
CWA
DFA
DGPS
DMRs
DNR
DO
EMAP
EPA
ER-L
ER-M
FEI
FTE
GIS
GPS
IBI

ITI

American Public Health Association
Acid Volatile Sulfides

Best Management Practices
Canonical Correspondence Analysis

Cumulative Distribution Function

Cooperative State Research, Education, & Extension Service

Conductivity - Temperature - Depth Meter
Coefficient of Variation

Clean Water Act

Discriminant Function Analysis

Differential Global Positioning System

Discharge Monitoring Reports

Department of Natural Resources

Dissolved Oxygen

Environmental Monitoring & Assessment Program
Environmental Protection Agency

Effects Range-Low

Effects Range-Median

Farrell Epifaunal Index

Full Time Equivalent

Geographic Information System

Global Positioning System

Chesapeake Bay Estuarine Index of Biotic Integrity

Infaunal Trophic Index

XXV

Acronym List



MDS
NMDS
NMFS
NOAA
NODC
NPDES
NS&T
PAHs
PCA
PCBs
PCE
PCS
POTW
QA
QC
RBP
RPD
SAV
SEM
SOP
SPM
SQG
SQT
STORET
TDN
TDP

Multidimensional Scaling
Non-metric Multidimensional Scaling

National Marine Fisheries Service

National Oceanic and Atmospheric Administration

National Oceanographic Data Center

National Pollutant Discharge Elimination System

National Status & Trends
Polyaromatic Hydrocarbons
Principle Components Analysis
Polychlorinated Biphenyls
Power Cost Efficiency

Permit Compliance System
Publically Owned Treatment Works
Quality Assurance

Quality Control

Rapid Bioassessment Protocol
Redox Potential Discontinuity
Submerged Aquatic Vegetation
Simultaniously Extracted Metals
Standard Operating Procedure
Suspended Particulate Matter
Sediment Quality Guidelines
Sediment Quality Triad
STOrage & RETrieval

Total Dissolved Nitrogen

Total Dissolved Phosphorus

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance

XXVi



TMDL

TOC

TPC

TPN

TPP

TSS

TVS
TWINSPAN
UPMGA
USDA CSREES

USGS

Total Maximum Daily Loads

Total Organic Carbon

Total Particulate Carbon

Total Particulate Nitrogen

Total Particulate Phosphorus

Total Suspended Solids

Total Volatile Sulfides

Two-Way INdicator SPecies ANalysis

Unweighted Pair Group Mean Averages

United States Department of Agriculture Cooperative State

Research Education Extension Service

United States Geological Survey

XXVii

Acronym List






Executive Summary

This technical guidance document is
based on the concept that bioassessment
and biocriteria programs for estuaries
and near coastal waters are interrelated
and critical components of
comprehensive water resource
protection and management.
Understanding how estuarine
ecosystems function and respond to
human activity requires a holistic
approach to protection and management
that integrates biological assessments
into the more traditional chemical and
physical evaluations. Section 101 of the
Clean Water Act requires federal and
state agencies to “restore and maintain
the chemical, physical, and biological
integrity of the nation’s waters.”
Relatively undisturbed aquatic
ecosystems have high biological integrity,
defined as

the condition of an aquatic
community inhabiting unimpaired
waterbodies of a specified habitat as
measured by an evaluation of
multiple attributes of the aquatic
biota. Three critical components of
biological integrity are that the biota
is (1) the product of the evolutionary
process for that locality, or site, (2)
inclusive of a broad range of
biological and ecological
characteristics such as taxonomic
richness and composition, and
trophic structure, and (3) is found

in the study biogeographic region
(USEPA 1996a)’

In water resource monitoring and
protection, biological criteria are an
important addition to the traditional
physical and chemical criteria used by
EPA. The relative biological integrity, or
quality, of the resource can be assessed
by comparing the health and diversity of
its biological communities to the health
and diversity of biological communities
in waters with the same physical
characteristics but which are relatively
unimpacted by human development .
There are basically four elements that
comprise biocriteria:

1. Reference waters (relatively
undisturbed areas that can be
compared to study areas) serve
as “benchmarks” of water
resource quality decision
making.

2. The historical record of the
biological quality, diversity and
productivity.

3. Model projection of the
historical and reference
condition data (if necessary).

4. The objective assessment of this
information by a regional panel
of specialists such as state,

! Biological criteria: Technical guidance for streams and small rivers. EPA 822-B-
96-001. U.S. Environmental Protection Agency, Office of Water, Washington, DC.
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academic, and federal estuarine
ecologists, chemists, fisheries
biologists, oceanographers, and
resource managers.

The summation of these four factors is
the biological criterion for a given
estuary or class of coastal water in a
geographic region. Examples of the
parameters included in a biocriterion are
community measures or indexes drawn
from dynamic assessments of resident
fish, benthic invertebrate, macrophyte,
and planktonic assemblages making up
the biological community.

Many natural resource agencies
throughout the United States have
begun the process of developing and
implementing bioassessments and
criteria programs primarily for rivers
and streams. This document is part of
the effort to advance the use of these
strategies with regard to estuaries and
near coastal waters, thereby fostering
the development of credible and
practical bioassessment programs. This
document is intended to provide
managers and field biologists with
functional methods and approaches for
bioassessment and biocriteria
development.

In developing biological information, it
is imperative that the physical and
chemical habitat be carefully measured
and documented. Information such as
salinity, depth, sediment grain size, and
water quality (including pH,
temperature, DO, nutrients, and
toxicants) is essential to proper
classification of the waters for
comparison and to the potential
subsequent investigation of possible

causes of degradation so that
responsible management can be
initiated.

This guidance provides detailed
descriptions of the appropriate habitat
measurements to make the subsequent
physical classification to be achieved.
The document then describes four levels
of investigative intensity or sampling
tiers. These tiers are suggested as one
possible approach to organizing the data
gathering efforts and investigation
needed to be able to establish biocriteria
in a scientifically defensible manner.
Other approaches using variations of
these tiers may be appropriate
depending on program objectives.

» Tier 0 is a preliminary review of
existing literature and data available
for the estuary or coastal water of
concern. It provides candidate
reference sites for the development
of a reference condition;

» TierIis a one-time site visit with
preliminary data gathering to refine
the information in Tier 0 and
establish candidate biocriteria;

» Tier Il repeats and builds on
measurements initiated in Tier [ and
establishes the reference condition
data which is combined with the
historical record, possible models or
other extrapolations, and a
consensus of regional expert opinion
to establish and employ the
biocriteria for management decision
making;

» Tier Il is the diagnostic
investigation requiring the most
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sampling events and most extensive
parameters to help establish
management efforts for those waters
which do not meet the biocriteria.

Biocriteria development is not a one size
fits all proposition. Biocriteria can be
developed on biogeographical province
basis or on a smaller local basis to
account for the geographic, climatologic,
and biologic variation in the country.
Reference conditions and biocriteria
must be specific to each part of the
country in order to be responsive and
useful for decision making. It is
important to remember that such
circumstances vary and that this
document cannot address every
situation or experience. It is oriented
toward practical decision making rather
than research. Its primary audience is
intended to be state and tribal resource
managers. Itis also intended to provide
managers and biologists with functional
methods and approaches to facilitate the
implementation of viable bioassessment
and biocriteria programs that meet their
individual needs and resources.

Biocriteria can be used to help support
and protect designated uses of water
resources; expand and improve water
quality standards; detect problems other
water quality measurements may miss
or underestimate; help water resource
managers set priorities for management
planning and, assess the relative success
or failure of management projects.

Biocriteria do not supersede or replace
physical or chemical criteria for water
resource decision making and
management. In fact biocriteria
augment these established measures so

USEPA and the States and Tribes are
better informed about the quality of our
nations extensive and coastal water
resources. The bioassessment/
biocriteria process is a particularly cost
effective screening tool to evaluate over
all water quality and determine water
resource status and trends. The
following table shows the progression of
the biocriteria process.

XXXi
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Sequential progression of the biocriteria process. Adapted from
Paulsen et al. 1991.

Step 1

Preliminary Classification to Determine Reference Conditions and

Regional Ecological Expectations

* Resource classification

» Determination of best representative sites (reference sites representative
of class categories)

Step 2

Survey of Reference Sites and Selected Impaired Sites

» Collection of data on biota and physical habitat

+ Compilation of raw data (taxonomic lists, abundance levels, and other
direct measures and observations)

Step 3

Final Classification
» Test preliminary classification
* Revise if necessary

Step 4

Metric Evaluation and Index Development

» Data analysis (data summaries)

+ Testing and validation of metrics by resource class

» Evaluation of metrics for effectiveness in detecting impairment
» Selection of biological endpoints

» Aggregation of metrics into index.

» Test the index for validity on another data set.

Step 5

Biocriteria Development
* Adjustment by physical and chemical covariates
» Adjustment by designated aquatic life use

Step 6

Implementation of Monitoring and Assessment Program
» Determination of temporal variability of reference sites
» ldentification of problems

Step 7

Protective or Remedial Management Action

* |nitiate programs to preserve exceptional waters

* Implement management practices to restore the biota of degraded
waters and to identify and address the causes of this degradation

Step 8

Continual Monitoring and Periodic Review of References and Criteria

» Biological surveys continue to assess efficiency of management efforts

« Evaluate potential changes in reference condition and adjust biocriteria
as management is accomplished

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance
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Chapter 1

Introduction: Bioassessment
and Biocriteria

1.1 Rationale

1.1.1  Water Quality Monitoring

The recognition that chemical water
quality analyses do not adequately
predict or reflect the condition of all
aquatic resources has led to the
development of measures of biological
integrity expressed by biological criteria.
Biological surveys, criteria, and
assessments complement physical and
chemical assessments of water quality by
reflecting the cumulative effects of
human activities, and natural
disturbances on a water body, including
the possible causes of these effects. The
biological approach is best used for
detecting generalized and non-specific
impairments to biological integrity, and
for assessing the severity of those
impairments. Then, chemical and
toxicity tests, and more refined habitat
assessments, can be used to identify
probable causes and their sources, and to
suggest corrective measures.

For the purposes of bioassessment and
biocriteria development described here,
an estuary is a semi-enclosed water body
that has a free connection with the open
sea and an inflow of freshwater that
mixes with the seawater; including
fjords, bays, inlets, lagoons, and tidal
rivers. Coastal marine waters are those
marine waters adjacent to and receiving
estuarine discharges and extending
seaward over the continental shelf
and/or the edge of the U.S. territorial
sea.

1.1.2 Advantages of Bioassessment
and Biocriteria

Bioassessment is intended to detect
biological responses to pollution and
perturbation. Routine water quality
monitoring for example, detects effects
of nutrient enrichment and chronic
acidification, but normally is not
designed to detect trace levels of
toxicants or contaminants, ephemeral
pollution events (e.g., acidic episodes,
spills, short-lived toxicants and
pesticides, short-term sediment loading),
or combined or synergistic impacts.
Bioassessment, by monitoring organisms
that integrate the effects of
environmental changes, may in time
detect these effects.

Bioassessment, coupled with habitat
assessment; i.e., physical and chemical
measurements, helps identify probable
causes of impairment not detected by
physical and chemical water quality
analyses alone, such as nonpoint source
pollution and contamination, erosion, or
poor land use practices. The detection
of water resource impairment,
accomplished by comparing biological
assessment results to the biological
criteria, leads to more definitive
chemical testing and investigations
which should reveal the cause of the
degradation. This, in turn, should
prompt regulatory and other
management action to alleviate the
problem. Continued biological
monitoring, with the data collected
compared to the criteria, will determine
the relative success of the management
efforts.

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance
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1.2 Legal Origins

1.2.1 Clean Water Act

The CWA, Section 101, requires federal
and state governments to "restore and
maintain the chemical, physical, and
biological integrity of the nation's
waters." Thus, the Act mandates the
restoration and maintenance of
biological integrity in the Nation's
waters. The combination of performing
biological assessments and comparing
the results with established biological
criteria is an efficient approach for
evaluating the biological integrity of
aquatic ecosystems. Other pertinent
sections of the CWA are Sections 305(b),
301(h), and 403(c). Table 1-1 outlines
suggestions for the application of
biological monitoring and biocriteria for
estuaries through existing state programs
and regulations.

1.2.2 305(b) Reporting

States and the USEPA report on the
status and progress of water pollution
control efforts in §305(b) reports
submitted every two years. Inclusion of
biological assessment results in these
reports will improve the public
understanding of the biological health
and integrity of water bodies. Many of
the better known and widely reported
recoveries from pollution have involved
the renewal or reappearance of valued
species to systems from which they had
nearly disappeared, or the recovery of a
viable fishery from contaminants.
Examples of such recoveries are the
restoration of the lower Potomac River
and of shellfish beds in Maine.
Incorporation of biological integrity in
§305(b) reports will ensure the inclusion
of a bioassessment endpoint, and will
make the reports more accessible and
meaningful to many segments of the
public.

1.2.3 301(h) and 403(c) Programs

Two other programs within USEPA that
specifically rely on biological
monitoring data in coastal marine areas
are the §301(h) Waiver Program and the
§403(c) Ocean Discharger Program. The
§301(h) program allows estuarine and
marine dischargers who meet specific
criteria set forth by USEPA to defer
secondary treatment if they can show
that their discharge does not produce
adverse effects on resident biological
communities. As part of the modified
NPDES permit received through this
waiver program, the dischargers are
required to conduct extensive biological
monitoring programs designed to detect
detrimental effects to those biological
communities.

The §403(c) Ocean Discharge Program
requires that all dischargers to marine
waters provide an assessment of
discharge impact on the biological
community in the area of the discharge
and on the surrounding biological
communities. This program requires
extensive biological monitoring for some
dischargers. Community bioassessment
methods are valuable in this program
for trend assessment and, in some cases,
refinement into more rigorous and
definitive assessments.

1.2.4 304(a) Criteria Methodology

This technical guidance was developed
under the §304(a) requirement that,
“criteria for water quality accurately
reflecting the latest scientific knowledge
of the kind and extent of all identifiable
effects on health and welfare including,
but not limited to, plankton, fish,
shellfish, wildlife, plant life, shorelines,
beaches, aesthetics, and recreation
which may be expected from the
presence of pollutants in any body of
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water . ..” be published and updated as

needed.

Under this section, a guidance document
must include information on restoration
and maintenance of chemical, physical,

and biological integrity of navigable and

ground waters, waters of the contiguous
zone, and the ocean. This also covers

information identifying conventional
pollutants, such as those classified as
biological oxygen demanding,

Table 1-1. Applications of estuarine biological monitoring protocols and biocriteria.

Program

Biological Monitoring and
Assessment

Biological Criteria

Section 305(b)/
Reporting

Improving data for beneficial use
assessment.
Improving water quality reporting.

Identifying waters that are
not achieving their aquatic
life use support.

Defining an understandable
endpoint in terms of
“biological health” or
“biological integrity” of
waterbodies."

National Estuary
Program (NEP)

Assessing status of biological
components of estuarine systems.
Develop monitoring objectives and
performance criteria.

Establish testable hypothesis and
select statistical methods.
Assessing estuarine trophic status
and trends, and assessing
biological trends.

Select analytical methods &
alternative sampling designs.
Evaluate expected monitoring study
performance.

Implement monitoring study & data
analysis. [Monitoring and sampling
needs vary for each estuary]

Identifying estuaries that are
not attaining designated use
(including aquatic life use)
support.

Defining estuarine biological
integrity based on a
reference condition.
Identifying impairments due
to toxic substances,
eutrophication, and habitat
modification.

Section
319/Nonpoint
Source Program

Evaluating nonpoint source impacts
and sources.

Measuring site-specific ecosystem
response to remediation or
mitigation activities.

Assessing biological resource
trends within watersheds.

Determining effectiveness of
nonpoint source controls.

and habitat impairments that
indicate nonattainment of water
quality standards.

Priority ranking waterbodies.
Documenting ecological/water
quality response as a result of
TMDL implementation.

W atershed Assessing biological resource » Setting goals for watershed
Protection trends within watersheds. and regional planning.
Approach

TMDLs Identifying biological assemblage + Identifying water

quality-limited waters that
require TMDLs.
Establishing endpoints for
TMDL development, i.e.,
measuring success.
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Table 1-1 (cont’d). Applications of estuarine biological monitoring protocols and biocriteria.

Program

Biological Monitoring and
Assessment

Biological Criteria

NPDES Permitting

Measuring improvement or lack of
improvement of mitigation efforts.
Developing protocols that
demonstrate the relationship of
biological metrics to effluent
characteristics.

Performing aquatic life use
compliance monitoring.
Helping to verify that
NPDES permit limits are
resulting in achievement of
state water quality standard.

State Monitoring
Programs

Improving water quality reporting.
Documenting improvement or lack
of improvement of mitigation efforts
including estuary clean-up efforts,
TMDL application, NPDES efforts,
nonpoint source pollution controls,
etc.

Problem identification and trend
assessment.

Prioritizing waterbodies.

Providing a benchmark for
measuring effectiveness of
controls and performing
watershed/regional
planning.

Risk Assessment

Providing data needed to estimate
ecological risk to assessment
endpoints.

Providing an assessment or
measurement endpoint.

W ater Quality
Criteria and
Standards

Developing data bases for estuarine
phytoplankton, macroinvertebrates,
fish, plants, and other
assemblages.

Developing indices that assess
estuarine biota compared to a
reference.

Providing data for aquatic life use
classifications.

Providing benchmark for
identifying waterbodies that
are not attaining aquatic life
use classification.
Developing site-specific
standards.

Section 301(h)/
W aiver Program

Allows marine discharges who meet
USEPA criteria to defer secondary
treatment if discharge does not
produce adverse effects on resident
biological communities.

Providing threshold against
which to measure
detrimental effects on
biological communities.

Section
403(c)/Ocean
Discharge Program

Requires marine dischargers to
provide an assessment of
discharge impact on biological
community in discharge area as
well as surrounding communities.

Providing threshold against
which to measure
discharger impacts on
biological communities.

Section 304(a)/
Criteria
Methodology

Provides information on restoration
and maintenance of chemical,
physical, and biological integrity of
waters.

Identifies conventional pollutants,
their concentrations and effects on
surrounding communities.

Providing the benchmark for
measuring the effects of
pollutants on the biological
community.
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suspended solids, fecal coliform, and pH.
Section 304(a)(8) authorizes USEPA to
develop and publish methods for
establishing and measuring water
quality criteria for toxic pollution, on
other bases than a pollutant by pollutant
approach. This includes biological
monitoring and assessment methods.
Specific states have the authority to
enforce more stringent regulations as
necessary.

1.2.5 Biocriteria

A major purpose of developing
biological assessment methods is to
establish biological criteria for surface
waters. Biological criteria are guidelines
or benchmarks adopted by states to
evaluate the relative biological integrity
of surface waters. The criteria are
defined as "narrative expressions or
numerical values that describe the
biological integrity of aquatic
communities inhabiting waters of a
given designated aquatic life use"
(USEPA 1990). Biological criteria are, in
effect, a practical approach to
establishing management goals designed
to protect or restore biological integrity.
Biocriteria can be adopted by a State into
their water quality standards, along with
chemical, physical and toxicity criteria to
better protect aquatic life uses of
waterbodies.

Biocriteria can be developed from
reasonable expectations for the locality
based on: historical data; reference
conditions; empirical models; and the
consensus judgment of regional experts
(Section 1.4.2). The reference condition
component of biocriteria requires
minimally impaired reference sites
against which the study area may be
compared. Minimally impaired sites are
not necessarily pristine; they must,
however, exhibit minimal influence by
human activities relative to the overall
region of study (USEPA 1996a). In some

instances, “minimally impaired” sites
are not available because the entire area
has been degraded. Biocriteria are then
based on historical data, empirical
models if appropriate, and expert
judgement to set a condition better than
present sites. Restoration of the
degraded area must therefore be
accomplished before any such reference
sites can be established.

Biological criteria typically include the
condition of aquatic communities at
designated reference sites as an
important component. The conditions
of aquatic life found at these sites are
used to help detect both the causes and
levels of risk to biological integrity at
other sites of that type in a region. In
keeping with the policy of not
degrading the resource, the reference
conditions — like the criteria they help
define —are expected to be upgraded
with each improvement to the water
resource. It is important that biological
criteria not be based on data derived
from degraded reference sites. In fact, a
concerted effort should be made by
States and other jurisdictions to preserve
the quality of designated reference sites
by setting those areas aside in preserves
or parks or by inclusion in use
protection programs so that continuity
of the biocriteria data base can be
maintained. Biocriteria supported by
bioassessment surveys serve several
purposes in surface water programs,
discussed in the following section.

1.3 Uses of Biocriteria

The biocriteria-bioassessment process
helps resource managers identify
impairment of designated beneficial
uses. It expands and improves
designated beneficial use classifications
and their associated water quality
standards. It detects problems other
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survey methods may miss or
underestimate. It is a process which
helps the resource manager set program
priorities. It can also be used to evaluate
management and regulatory efforts. For
example, the information summarized in
Table 1-2 indicates that wastewater
outfalls are a controlling factor of soft
bottom benthic communities and that
there is a moderate scientific
understanding of the effects of these
outfalls specifically in the Southern
California Bight (USEPA 1992).

1.3.1 The Use of Bioassessment Data
to Establish Biocriteria
Appropriate to Designated
Beneficial Uses

The hypothetical information presented
in Figure 1-1 represents data collected for
a given class of similar estuarine or
coastal reaches (e.g., similar sediments,
depths, and salinities) within the same
geographic region. For these areas some
high level of resource quality can be
conceived which represents a pristine
condition, essentially the optimum
potential or integrity of those waters. A
completely unimpaired (no negative
human impacts upon the organisms of
the natural system) estuary or coastal
marine area is referred to as having
biological integrity. The approximation
of this ideal quality at the top of a
continuum can be expressed by a variety
of environmental measures of the biota
indicated on the vertical axis of the
graph. The determined ideal level of
biological measurements at the
maximum score is shown by the upper
horizontal line (equivalent to biological
integrity). A second horizontal line
somewhat below this is the level set as
the reference condition, the attainable
level of integrity derived from actual
measurements from among the highest
quality areas in the class. All
information on this axis is expected to be
objectively derived through the scientific

process and usually is presented in a
comprehensive index of many biological
characteristics such as an IBI or the
EMAP benthic index (Chapter 11).

The horizontal axis represents a
progression of socially determined use
designations; i.e., those predominant
uses the State has concluded are
appropriate for a particular estuary,
region or area within the class. These
hypothetical designated uses are
arranged on the graph from those
usually associated with relatively low
water resource quality on the left, to
those associated with very high,
relatively natural, resource quality on
the far right.

The potentially optimal array of
biological criteria for this class of
waters, then, are scores between the
reference condition and the level of
biological integrity; i.e., between that
which is achievable and that which is
ideal. The narrower this area, the higher
the quality of the waters throughout the
class, and the less restoration
management is required. The objective,
then, is to protect these resources.

On the same horizontal axis, a class of
high quality regional uses are further
described by a subset of aquatic life
uses. These are the designated uses for
which management goals are also
described by desirable characteristics of
the aquatic biota to be especially
protected, such as “protection of the
health and diversity, undiminished, of
all indigenous species of fish and
invertebrates” for those designated as
exceptional natural waters. Resource
managers need to apply their first,
concerted efforts to those uses because it
is usually more cost-effective and
resource-conservative to protect existing
high quality areas than it is to restore
degraded ones.

1-6
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Table 1-2. Impacts on the marine environment of the Southern California Bight. Modified from

Bernstein et al. 1991.
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Figure 1-1
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Estuaries and Exceptional
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indicate the goal of
raising the
biocriterion for
these waters over
time in response to
restoration efforts.

OTHER DESIGNATED USES

AQUATIC LIFE USES HIGH
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Selected biocriteria with an acceptable

range of variation, perhaps one standard

deviation, are shown as cross hatched
boxes appropriately located for each
designated use. Test results for a given
area in any use classification (‘box and

whisker”plots showin g the full range of

measurements including variation for
that area) can then be compared
graphically to the biocriterion for that

designated use. Three interpretations of
an estuarine or coastal marine area meets

its criterion, meets or perhaps even

exceeds its criterion, and fails to meet the

criterion are illustrated.

A fourth possible result is the marginal

condition of significantly altered systems

such as urban harbors or shipping

channels. The original condition of these

areas may very well have been within
the optimal range of biotic health and
diversity for the region, but intense
development has significantly altered
them so that as a group they no longer
meet the minimum reference condition

for similar areas of the region. An
interim biocriterion for these areas may
be set with the intention of progressively
raising the criterion when sequential
restoration efforts are accomplished
through a long range management
effort.

The ‘other desi gnated uses”to the left
of the bifurcation line may still be
surveyed to assist management decision
makers; however, they fail to meet the
criteria, and there are no designated
aquatic life uses which apply.

The designated uses, aquatic life uses
and biocriteria are all hypothetical in
this illustration, but the
interrelationships of societal and
scientific elements of decision making
should be evident. They are
independent processes linked by an
environmental ethic and the USEPA
policy of antidegradation of water
resource quality (the reference condition
‘bottom line”so to speak). A rational
decision can be made which balances
that which is ideal with that which is

1-8
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achievable measured by the objective
processes of science.

1.3.2 Expansion and Improvement of
Water Quality Standards

When a State adopts biological criteria in
their water quality standards to protect
aquatic life uses, the criteria become
benchmarks for decision making, and
may form the basis for requirements in
NPDES permits and other regulatory
programs.

1.3.3 Detection of Problems Other
Methods May Miss or
Underestimate

In the process of establishing biocriteria,
more data and information is inevitably
developed than was previously
available. The review of this new
information often reveals problems not
evident before or provides expanded
insight into existing concerns and issues.
Armed with this information, a water
resources manager is better able to
examine issues and make decisions.

1.3.4 Helping the Water Resource
Manager Set Priorities

In light of the new information described
above, the schedule of activities,
allocation of funds, and uses of
personnel and equipment may be more
appropriately prioritized according to
the urgency or magnitude of the
problems identified.

With the expanded available biological
information augmenting chemical and
physical information, managers can
apply a triage approach to water
resource projects based on the actual
condition of the biota affected. This is
much like a physician evaluating
multiple emergency medical patients.
Essentially, areas that are critically
impaired, those that are moderately

impaired, and those in good condition
for which protection rather than
remediation is required, can all be
identified. Rational decisions can then
be made about how to apply limited
resources for the best results in
accordance with the needs and priorities
of the state.

1.3.5 Use of Biosurveys and
Biocriteria to Evaluate the
Success or Failure of
Management Initiatives or
Regulations

The manager may design a biosurvey to
collect data before and after a permit,
regulation or other management effort
has been implemented, perhaps
augmented by spatially distributed
nearfield/farfield sampling as well.
With this information and the biocriteria
decision making benchmark, it is
possible to clearly evaluate the
environmental response of the system to
the methods applied. This is useful in
the NPDES permit review process as a
way to help determine the effectiveness
of permit controls. Typically, biocriteria
are not used directly in NPDES permits
as effluent limitations. Biomonitoring
above and below a permit site when
compared to the established biocriteria
will reveal the adequacy of the permit to
achieve its intended purpose.

If the biota are unimpaired or
recovering, it may be wise to leave the
permit, management practice or
regulation as is. If the biota are
impaired or declining, the review
recommendation may be to change the
permit, management technique or
regulation accordingly. With NPDES
permits, the five year review cycle
allows sufficient time for extensive
biological information to be developed
so this determination can be made with
reasonable confidence.
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1.4 Program Interdependence

It should be readily evident from the
applications described above that
physical, chemical, and biological
surveys and monitoring (repetitive
surveys of the same area) and biological
criteria are interrelated in the water
resource management process. Figure 1-2
illustrates this interrelationship, often
referred to as “adaptive management.”
In this continually cycling process,
monitoring provides the information
necessary to identify problems and to
establish biocriteria for the decision
making, management planning, and
implementation necessary to respond
appropriately. Continued monitoring
then reveals the relative success of the
effort by comparing the new results to
those criteria again. At this point the
criteria or the management plan may be
adjusted as needed and the cycle repeats.
Ideally, the estuarine or coastal

waters improve with each cycle.

Figure 1-2 MA
Program ok T
Interdependence \\\Y ,0/&'
MONITORING CRITERIA
1.5 Implementing Biological

Criteria

Implementing biocriteria requires an
established and standardized
methodology for biological assessment
adjusted to regional or state conditions.
Hence, guidance for state and regional
development of biocriteria has two

elements which are described in the
biological criteria technical guidance
documents such as this one:

» Bioassessment Protocols are
methods used to assess the status
and trends of water bodies.
Guidance documents for
bioassessment contain suggested
methods and protocols for
establishing monitoring programs
that use biological assessment.

» Biocriteria Guidance assists states
in establishing biological criteria for
water bodies. Biocriteria are a series
of ambient water resource quality
values or statements of condition
that relate to the desired biological
integrity for that class of waters.
When established they can be used
to evaluate similar water bodies in
that region. Implementation of
biocriteria requires use of
bioassessment protocols and a state
or regional biomonitoring database.
The National Program Guidance for
biocriteria describes issues related to
development and implementation
(USEPA 1990). The first biocriteria
technical guidance issued was for
streams and small rivers (USEPA
1996a). It incorporated both
biosurvey techniques and biocriteria
development methods. It was
followed by the Lakes and Reservoir
Bioassessment and Biocriteria
Guidance (USEPA 1998). Each of
these documents incorporated
biosurvey techniques and the same
approach is being followed in
similar documents for rivers,
wetlands, and coral reefs in addition
to this present technical guidance
for estuaries and coastal marine
waters.
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1.6 Characteristics of

Effective Biocriteria

Generally, effective biocriteria share
several common characteristics:

» Provide for scientifically sound, cost-
effective evaluations;

»  Protect sensitive biological values;

» Protect healthy, natural aquatic
communities;

» Support and strive for protection of
chemical, physical, and biological
integrity;

» May include specific characteristics
required for attainment of
designated use;

»  Are clearly written and easily
understood;

» Adhere to the philosophy and policy
of nondegradation of water resource
quality;

» Are defensible in a court of law.

In addition, effective biocriteria are set at
levels sensitive to anthropogenic
impacts; they are not set so high that
sites that have reached their full
potential are considered as failing to
meet the criterion, nor so low that
unacceptably impaired sites are rated as
meeting them, which defeats the purpose
of the CWA. The establishment of
formal biocriteria warrants careful
consideration of planning, management,
and regulatory goals and the best
attainable condition at a site. Balanced
biocriteria will allow multiple uses to be
considered so that any conflicting uses
are evaluated at the outset. The best
balance is achieved by developing
biocriteria that closely represent the
natural biota, protect against further

degradation, and stimulate restoration
of degraded sites.

Developing and implementing
biological criteria occurs in three steps
(USEPA 1996a):

Planning the biocriteria
development program, including;

» definition of program objectives;

» establishment of interagency
cooperation;

» identifying acceptable levels of
uncertainty for decisions made
on the basis of biocriteria;

» establishing data quality
objectives.

Characterizing reference conditions
for biocriteria and identifying
candidate reference sites, which may
require a biological survey.

3. Establishing biocriteria based, in
part, on characterized reference
conditions and designated use
classes of the state.

1.7 Conceptual Framework
The central principle of biological
assessment is comparison of the
biological resources of a water body to a
biological criterion based, in part, on a
reference condition. Impairment of the
water body is judged by its departure
from the biocriteria. This approach
presumes that the purpose of
management is to prevent and repair
anthropogenic; i.e.,, human-induced,
damage to natural resources. Biological
assessment of water bodies is predicated
on our ability to define, measure, and
compare biological integrity between
similar systems. This requires an
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operational definition of biological
integrity as follows:

“...the condition of the aquatic
community inhabiting
unimpaired water bodies of a
specified habitat as measured by
community structure and
function (USEPA 1990).”

The functional definition also requires
definitions of "unimpaired" and
"community structure and function", and
the habitat must be specified.
Community structure and function is
operationally defined by the biological
measures chosen for bioassessment,
consisting primarily of measures of
species richness, trophic diversity
(relative numbers of herbivores and top
carnivores), and indicator species. In
addition to biological community
structure and function, chemical (DO,
salinity, contaminants, dissolved TOC,
inorganic nitrogen, etc.) and physical
(sediment composition) attributes are
measured to define an unimpaired site.
The combined attributes form the basis
for defining reference conditions for
biological criteria. When unimpaired
water bodies do not exist within a
region, an operational definition of
unimpaired can be developed from a
combination of minimally impaired
estuaries and coastal waters, historical
information, and professional judgment
(Section 1.7.2). Figure 1-3 shows a
simplified framework for progressing
from an estuarine classification to
assessing the health of the estuary.
1.7.1 Indicators of Biological
Integrity and Survey Protocols

Several analytical approaches have been
developed to assess the biological
condition of waterbodies within the
framework of comparison to reference,
ranging in complexity from simple
comparison of indicator values, to

development of multivariate models:

Comparison of indicator values —
Indicator of metric values can be
compared directly to the reference
condition, without development of
an index. This has been used most
often for paleoecological
comparison, where biological
indicators are limited to certain
indicator species, deposition rates,
organic carbon loss, etc. (Turner and
Rabalais 1994, Sen Gupta et al. 1996,
Cooper and Brush 1991, Latimer et
al. 1997).

Multimetric index — The
multimetric approach is to define an
array of metrics or measures that
individually provide limited
information on biological status, but
when integrated, function as an
overall indicator of biological
condition. Metrics incorporate
information from individual,
population, and community levels
into a single, ecologically-based
index of water resource quality
(Gray 1989, Plafkin et al. 1989, Karr
1991). The index is typically a sum
or an average of standardized scores
of its component metrics (Barbour et
al. 1999). Developed initially for
streams, the multimetric approach
has increasingly been applied to
estuaries (Weisberg 1997, Hyland et
al. 1998).

Discriminant analysis to develop an
index from metric values — In this
approach, metrics (calculated as
above) are used to develop a
multivariate discriminant analysis
model to distinguish reference sites
from impaired sites. The calibrated
model is then applied to assessment
sites to determine whether they are
impaired. This approach was used
in EMAP-Near Coastal for the
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1991.

Virginian and Gulf provinces (Paul
et al. 1999, Engle et al. 1999).

»  Multivariate ordination
approaches — Several approaches
have been developed using
multivariate ordination to examine
differences in species composition
between reference and impaired
sites. The purpose of ordination
analysis is to reduce the complexity
of many variables (for example,
abundances of over 100 species from
many estuarine sites), by re-ordering
the information into fewer variables.
These approaches have been used to
show the effects of oil drilling in the
North Sea (Warwick and Clarke
1991), and to develop an index of
benthic quality in California (Smith
et al. 2000).

While all of these approaches are
appropriate to biocriteria development
when properly applied, the multimetric

approach is highlighted in this
guidance. This is because it is the best
developed and most extensively used
method to date. Investigators should
carefully consider what is most
appropriate for their specific program.
Time and experience will ultimately
determine the best approach or
combination for each state to use.
Chapter 11 goes into further detail about
methods of classification and assessment
using all three approaches.

The multimetric concept came to fruition
with the fish Index of Biotic Integrity
(IBI) first conceived by Karr (1981). The
IBI aggregates various elements and
surrogate measures of process into a
single assessment of biological
condition. Karr (1981) and Karr et al.
(1986) demonstrated that combinations
of these attributes or metrics provide
valuable synthetic assessments of the
status of water resources.
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A metric is a calculated term or
enumeration representing some aspect of
biological assemblage structure,
function, or other measurable
characteristic. Similarly, each of the
assemblages (e.g., fish, benthic
macroinvertebrates composing the
aquatic community) measured would be
expected to have a response range to
perturbation events or degraded
conditions. Thus, biosurveys targeting
multiple species and assemblages; i.e.,
multimetric, will likely provide detection
capability over a broad range of impacts,
and the biocriteria derived from their
results could provide protection to a
large segment of the ecosystem.

Metrics can be expressed numerically as
integers or ratios. Consistent routines in
normalizing individual metric values
provide a means of combining metric
scores which initially consisted of
dissimilar numerical expressions.
However, final decisions on impact/no
impact or management actions are not
made on the single, aggregated value
alone. Rather, if comparisons to
established reference values indicate an
impairment in biological condition,
component parameters (or metrics) are
examined for their individual effects on
the aggregated value and for indications
of potential causes.

Assessment of biological integrity using
this multimetric approach typically
focuses on four broad classes of
community properties. Ecological
systems respond to anthropogenic
impacts with changes in one or more of
these classes of properties (e.g., Karr et
al. 1986, Schindler 1988, Plafkin et al.
1989, Schindler et al. 1989, Karr 1991,
Barbour et al. 1992). The four properties
are:

» Health of populations, typically
expressed as number of individuals
per m? or as biomass, reflecting

possible stress from anthropogenic
sources;

» Community structure and
composition, or the number and
kinds of species in an assemblage.
Exotic species are typically
undesirable, and high diversity is
usually desirable. Species structure
metrics include diversity and
evenness indexes as well as presence
of indicator species, counts of
tolerant or intolerant species, the
percentage of individual taxa in
comparison to the total number
sampled, and abundance
proportions of taxonomic groups
(e.g. crustaceans, mollusks,
polychaetes), or comparisons of
infauna vs. epifauna;

» Trophic structure, or the relative
proportion of different trophic levels
and functional feeding groups (e.g.,
Barbour et al. 1992). In estuaries,
abundant, diverse, and relatively
large top carnivores (e.g.,
piscivorous fish) are typically
desirable as representative of a
broad, stable, and substantial
trophic network;

» System function, or the
productivity and material cycling of
the system or its components
(trophic levels, assemblages,
species). Measures of system
function include primary
production and standing stock
biomass.

Since biological integrity is defined as an
indicator of undisturbed conditions, it
too must be measured relative to those
conditions. The requirement of the
biological criteria process for a reference
by which to measure biological integrity
makes it a practical tool (sensu Peters
1991) for managing society's impact on
the natural environment.
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Monitoring and assessment programs
typically do not have the resources to
measure all ecological attributes of
concern to the public and to managers,
and assessment tools must be cost-
effective. Ideally, metrics selected for
monitoring must be scientifically valid;
should not require large amounts of
expensive equipment; and should be
relatively rapid in the field. The selected
variables must be:

» Related to Biological Integrity In
general, almost any biological
measurement is related to biological
integrity, but some are more clearly
tied to the properties of biotic
systems of concern to society (e.g.,
native species, fish production,
diverse trophic structure) (Suter
1993);

» Responsive to Environmental
Stresses Biological measurements
and the metrics developed from
them must respond to environmental
stress. Metrics that are not
monotonic; i.e., they do not
consistently exhibit low values in
response to one end of a stressor
continuum and high values in
response to the opposite end, or that
respond oppositely to different
stresses, are difficult to interpret in
practice;

» Measurable with Low Error
Variability and measurement error
should be controllable so that a
reasonable sampling effort yields
sufficient precision. Index period
sampling; i.e., sampling during
specific time periods in the annual
cycle, is one way to reduce seasonal
variability. However, there are costs
in terms of information derived
which may be prohibitive (see later
discussion on seasonality);

» Cost-effective Cost of a metric
should be proportional to the value
of the information obtained.
Usually, the simplest approach is
most cost-effective and should be
selected so long as results are
sufficient to the agency's objectives;

» Environmentally Benign to
Measure Sampling methods that
significantly disturb or alter habitats
and biota should be avoided.

1.7.2 Comparison to a Reference

As noted earlier, establishing biocriteria
includes determining the reference
condition. The reference condition
establishes the basis for making
comparisons and for detecting use
impairment. Because absolutely pristine
estuarine and coastal marine habitats
probably do not exist, resource
managers must decide on acceptable
levels of minimum impacts that exist or
that are achievable in a given region.
Acceptable reference conditions will
differ among geographic regions and
states because estuarine salinity
gradients, trophic state, bottom
sediment types, morphology and
biological communities differ between
regions.

Reference conditions can be established
in a variety of ways. It is important to
recognize that the reference condition is
best developed from a population of
sites, not from a single site. However, in
some instances, particularly coastal
environments and sites influenced by
controversial land uses, the use of site-
specific nearfield /farfield stations may
be necessary and appropriate to
augment the reference condition. They
should include information derived
from:

» Historical Data are usually available
that describe biological conditions in
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the estuary or coastal marine region
over some period of time in the past.
Careful review and evaluation of
these data provide insight about the
communities that once existed
and/or those that may be
reestablished. Review of the
literature and existing data is an
important initial phase in the
biocriteria development process.
However, if data have not been
collected for this specific purpose,
they need to be carefully reviewed
before being applied;

Reference Sites are minimally
impaired locations in the same or
similar water bodies and habitat
types at which data are collected for
comparison with test sites.

Reference sites could include sites
that are away from point sources or
concentrated nonpoint loadings; sites
in sub-estuaries; sites occurring
along impact gradients
(nearfield/farfield); and regional
reference sites that may be applied to
a variety of test sites in a given area;

Models include mathematical
models (logical constructs following
from first principles and
assumptions), statistical models
(built from observed relationships
between variables), or a combination
of the two. Paleobiological
reconstructions of historic or
prehistoric conditions are typically
statistical or empirical models
(Latimer et al. 1997, Alve 1991, Dixit
et al. 1992). The degree of
complexity of mathematical models
to predict reference conditions is
potentially unlimited with attendant
increased costs and loss of predictive
ability as complexity increases
(Peters 1991). Mathematical models
that predict biological reference
conditions should only be used with
great caution, because they are

complex and often untestable
hypotheses (Oreskes et al. 1994,
Peters 1991);

» Expert Opinion/Consensus A
consensus of qualified experts is
always needed for assessing all of
the above information; establishing
the reference condition; and helping
develop the biocriteria. This is
especially the case in impaired
locales where no candidate reference
sites are acceptable and models are
deemed unreliable. In these cases,
expert consensus is a workable
alternative used to establish
reference "expectations". Under
such circumstances, the reference
condition may be defined using a
consensus of expert opinion based
on sound ecological principles
applicable to a region of interest.
The procedures for these
determinations and decisions
should be well documented for the
record.

1.7.3 Assessment Tiers

Biological surveys of estuaries and
coastal marine waters can be
implemented in several tiers, ranging
from a simple and inexpensive screening
to detailed field sampling, analysis, and
assessment. The tiered approach gives
agencies one suggested approach for
planning, organizing, and implementing
biological surveys. Other approaches
may also be available. Agencies should
consider the approach that would work
best to meet their program objectives.
The tiers are intended to be
implemented cumulatively, thatis, each
tier should incorporate the elements in
the preceding tier as appropriate for the
waters in which they are applied. Each
integrated tier includes both biological
and habitat components. Higher tiers
require successively more effort and
yield more detailed information on
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specific biotic assemblages and potential
stresses on the system. Higher tiers
reflect higher quality information and
reduced uncertainty in the final
assessment (Costanza et al. 1992). A
desktop screening and three field survey
tiers are described in this document.
Figure 1-4 provides a summary of the
requirements for each tier.

Tier 0 is a desktop screening assessment
that consists of compiling documented
information for the estuary or coastal
marine areas of concern through a
literature search and sending survey
questionnaires to local experts. No field
observations are made at this assessment
level. Desktop screening should precede
any of the three subsequent tiers. Its
purpose is to support the planning for
monitoring and more detailed
assessments. Information to be compiled
in Tier 0 includes: area and
geomorphometric classification, habitat
type, watershed land use, population
density, NPDES discharges, water
quality data (salinity, temperature, DO,
pH, turbidity), biological assemblage
data, and water column and bottom
characteristics.

Tier 1 is the least complex of the survey
approaches. It consists of a one-time
visit to sites during a suitable,
predetermined index period to collect
biological and habitat data using
standardized methods. The focus of this
tier is on developing screening or survey
information. These variables include a
rudimentary identification of organisms
(benthos, fish, macrophytes, or
phytoplankon), water column
characteristics (salinity, temperature,
DO, pH, Secchi depth, water depth), and
bottom characteristics (grain size, RPD
layer depth, total volatile solids, and
sediment toxicity). States may choose
some variation of this list depending on
regional characteristics and resources.
Evaluation of the data collected, as well

as historical data for the area, leads to an
initial classification of sites and
identification of candidate reference
sites.

Tier 2 is somewhat more complex. A
higher level of detail is incorporated into
the standardized biological methods and
multiple visits to the site are made to
address temporal variability and /or
seasonality. Another assemblage
(epibenthos) could be selected in
addition to those listed above. Water
column nutrient measurements are
added to the Tier 1 water column
characteristics. A tactile categorization
of grain size, plus total organic carbon,
are added to the bottom characteristics.
The data collected in this tier will allow
the development of preliminary
biological criteria.

Tier 3 is the most rigorous survey tier.
Three or more assemblages are sampled
here, through multiple site visits to
account for seasonal variations in the
selected estuarine and coastal marine
biological assemblages and should
incorporate supplemental studies which
might be necessary for diagnostic
assessment of the potential causes of
observed impairments. This tier adds
water column pesticides and metals
measurements, plus full grain size
characterization (sieving to determine
percent grain size composition), acid
volatile sulfides, and sediment
contaminants. This tier also allows the
resource agency to develop a database
sufficient to support resource
management activities to reduce the
identified impairments and to develop
and refine biocriteria.

Biological Assessment

The procedure of biological assessment
is to sample two or more biological
assemblages and record data such as
abundance, condition, biomass, and

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance



Figure 1-4

General
comparison of
Tiered
Approach.
Tiers are
intended to be
implemented
cumulatively.
Each tier
should

Tier 0

-No field observations

-Desktop screening

-Literature search

-Questionnaires to local experts

-Support planning for monitoring and more detailed
assessments

incorporate the

elements in
the preceding
tier as
appropriate for
the waters in
which they are
applied, as
necessary for
specific

Tier 1

-One time visit to sites during suitable, predetermined index period

-Least complex survey approach

-Develop screening/survey information

-States choose variation of variables (assemblages + water column &
bottom characteristics) according to regional characteristics & resources

-Leads to initial classification & ID of candidate reference sites

programs.

-2 or more visits to site
-More complex

Tier 2

-Possible to add another assemblage
-Add to water column & bottom characteristics samples
-Allows for development of preliminary biological criteria

-4 or more visits to sites
-Most rigorous
-3 or more assemblages

& define/refine biocriteria

Tier 3

-Incorporate supplemental studies
-Additions to water column & bottom characteristics
-Develop database to support resource management activities to reduce impairments

other characteristics of each species.
These data are then used to calculate
metrics, such as taxa richness, percent
dominance, number of intolerant species,
and percent abundance of tolerant
species. Each metric is compared to its
expected value under reference
conditions, and rated good (similar to
reference), fair (different from reference),
or poor (substantially different from
reference). Numeric scores are assigned
to the ratings, and the scores of all

metrics of an assemblage are summed for

a total score for the assemblage. The
total score is again compared to the

expected total score under reference
conditions, and the assemblage as a
whole is assigned an ordinal rating of
good, fair, or poor. This second
comparison to reference conditions is
necessary because not all metrics are
expected to score "good" at all times
even in pristine conditions; the final
assemblage score thus takes into account
natural variability in metric values.

Once these values are satisfactorily
established they can be incorporated in
the development of a biocriterion for a
particular estuarine or coastal marine
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class. “Biological assessment” at this
point becomes a comparison of
monitoring scores to the biocriteria for
management decision making. The
following several chapters describe the
processes necessary to the development
of suitable metrics and finally their
incorporation in biological criteria for
water resource management decision
making.
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Chapter 2

Biological Survey

2.1 Indicators of Biological

Integrity

A key concept underlying the approach
to biological surveys presented in this
document is that of biological integrity.
Biological integrity, discussed in greater
detail in Section 1.7, may be
operationally defined as

“...the condition of the aquatic
community inhabiting unimpaired
waterbodies of a specified habitat as
measured by community structure
and function (USEPA 1990).”

Biological integrity is an ideal condition;
estuarine and coastal marine
communities can approach a condition
of biological integrity when they are
minimally impaired by human activities.
In order to determine the degree to
which these communities approach
biological integrity, it is necessary to
measure attributes (or indicators) of
community structure and function and
to be able to distinguish between natural
variations and anthropogenic impacts.

Various techniques can be used at any
level to document the effects of
anthropogenic perturbations on
biological communities. Discussion of
these techniques falls into three general
areas, the first two of which are
measurement processes and the third is
a data processing technique. They are:

» Measures of community condition
and change;

» The presence or absence of indicator
taxa;

» The use of indexes to compile and
evaluate large amounts of biological
data for evaluation.

The suitability of many of the
approaches in each of these categories
has long been the subject of debate
among biologists and natural resource
managers. The following discussion
examines both the utility and
uncertainty surrounding these
community assessment tools.

2.2 Primary Measures of

Community Condition
and Change

Whenever possible, the investigator
should try to examine two or more
assemblages because different organism
groups react differently to perturbation.
The more diverse the measures used, the
more robust the investigative technique
is and the more confidence the manager
can place in the results. However, this
idea must be reconciled with the
limitations of the costs of multiple and
diverse surveys and the relative
availability of reliable scientific methods
to measure some assemblages. The
prevalent approaches today are
measures of benthic macroinvertebrate
infauna, fish, and aquatic vegetation.
2.21 Benthic Macroinvertebrates
The benthic infauna have long been
used for water quality assessments
because of their tendency to be more
sedentary and thus more reliable site
indicators over time compared to fish
and plankton. Consequently, a larger
body of data has been accumulated for
this assemblage. Examination of benthic
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community structure and function is a
valuable tool for evaluating the
condition of benthic habitats, for
monitoring rates of recovery after
environmental perturbations and
potentially to provide an early warning
of developing impacts to the system.
Bilyard (1987) and USEPA (1991) cite the
following specific advantages of
monitoring benthic infauna to determine
overall aquatic community health:

» Benthic infauna are typically
sedentary and therefore are most
likely to respond to local
environmental impacts, thus
narrowing the list of possible causes
of impairment;

» Benthic infauna are sensitive to
disturbances of habitat such that the
communities respond fairly quickly
with changes in species composition
and abundance;

» Benthic infauna are important
components of the food chain and
often act to transport not only
nutrients, but also toxicants, to the
rest of the system;

» Monitoring benthic infauna provides
an in situ measure of relative biotic
integrity and habitat quality;

»  Of the biota typically measured, this
assemblage has the strongest
supporting database. Thus, it has
extensive historical and geographic
application.

Some limitations of benthic infauna
sampling include:

» Relatively few state and federal
programs have the necessary in-
house taxonomic expertise to
support extensive monitoring
activities;

» Current methods can distinguish
severely impaired sites from those
that are minimally impaired.
However, it can be difficult to
discriminate between slightly or
moderately impaired areas,
particularly in estuaries (due to their
natural spatial and temporal
variability);

» The condition of benthic habitats can
vary over relatively small scales.
Therefore, if too few samples are
collected from a specified area, the
ambient heterogeneity to be
expected may be missed, potentially
leading to incorrect conclusions
regarding the biological and water
quality conditions in the area;

» The cost and effort to sort, count,
and identify benthic invertebrate
samples can be significant, requiring
tradeoffs between expenses and the
desired level of confidence in
decisions based upon the collected
data.

2.2.2 Fish

Fish are an important component of
estuarine and marine communities
because of their economic, recreational,
aesthetic and ecological roles. The
abundance and health of the fish
community is also the primary indicator
used by the public to discern the health
of a water body. Fish are good
indicators of ecological health because:

» They are relatively sensitive to most
habitat disturbances;

» Being mobile, sensitive fish species
may avoid stressful environments,
leading to measurable population
patterns reflecting that stress;
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» Fish are important in the linkage
between benthic and pelagic food
webs;

» They are long-lived and are
therefore good indicators of long-
term effects;

» They may exhibit physiological,
morphological, or behavioral
responses to stresses;

» Fish may exhibit obvious external
anatomical pathology due to
chemical pollutants;

» Fish databases originally compiled
to support state and federal fisheries
management programs may be
available. These databases may
require integration with other data
(e.g., water quality) to be useful for
bioassessment and biocriteria
purposes.

The limitations on the use of fish in
community bioassessments include:

» Fish represent a relatively high
trophic level, and lower level
organisms may provide an earlier
indication of water quality problems;

» Some fish are resident species with
relatively limited lifetime spatial
ranges. Others have relatively large
ranges, making it difficult to isolate
probable causes of degradation that
could occur anywhere within their
range. Thus, the spatial scale of
sampling is an issue and because of
seasonal, open water migrations,
temporal adjustments may also be
necessary;

» Mobile organisms such as fish may
avoid stressful environments,
reducing their exposure to toxic or
other harmful conditions;

» Fish surveys may be biased because
of recreational and commercial
fishing pressures on the same or
related fish assemblages;

» Some fish are very habitat selective
and their habitats may not be easily
sampled (e.g., reef- or marsh-
dwelling species);

» Since they are mobile, spatial
variability is very high, requiring a
large sampling effort to adequately
characterize the fish assemblage.

2.2.3 Aquatic Macrophytes

Aquatic macrophytes in estuarine and
coastal marine waters may include
vascular plants (e.g., seagrasses) and
algae (e.g., sessile and drift). Vascular
aquatic macrophytes are a vital resource
because of their value as extensive
primary producers in estuaries. They
are a food source for waterfowl, a
habitat and nursery area for
commercially and recreationally
important fish species, a protection
against shoreline erosion, and a
buffering mechanism for excessive
nutrient loadings. The primary
productivity that has been observed for
submerged aquatic vegetation (SAV)
communities in estuaries is among the
highest for any aquatic system (USEPA
1992). Excessive nutrient loadings lead
to prolific phytoplankton and epiphytic
macroalgal growth on seagrass which
out-compete the seagrass through
shading, as evidenced by the 1970s and
1980s decline of eelgrass in the
Chesapeake Bay along with the current
decline in Waquoit Bay. Because of the
combined high productivity and habitat
function of this plant community, any or
all of the other estuarine or coastal
marine biota can be affected by the
presence or absence of macrophytes.
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Some of the advantages of using aquatic
macrophytes in biological surveys are:

» Vascular plants are a sessile
community. There is essentially no
mobility to rooted vascular or
holdfast-established algal plant
communities, so expansion or
contraction of seagrass beds can be
readily measured as an
environmental indicator;

» Measurement of macrophyte
community extent and relative
density can be fairly easily
accomplished by remote means,
such as aerial photography, if the
water is clear or shallow;

» Sampling frequency is reduced
because of the relatively low
community turnover compared to
other biota such as benthic
invertebrates or fish;

» Taxonomic identification in a given
area is generally consistent and
straight-forward.

Some of the disadvantages of
macrophyte surveys are:

» Relatively slow response by the
plant community to perturbation
makes this a delayed indicator of
water quality impacts. This could be
critical if prompt management
responses are needed;

» Successional blooms of some
macrophytes means seasonal cycles
need to be identified and
accommodated by the survey
schedule to avoid misinterpretation
of data and false assumptions of
water quality impacts;

» Changes in abundance and extent of
submerged macrophytes are not

necessarily related to changes in
water quality;

» Aquatic macrophytes do not stand
alone as an indicator of ecosystem
condition; additional parameters
(e.g., water column nutrient
concentrations, light penetration) are
required to interpret macrophyte
data.

2.2.4 Phytoplankton

Many estuaries and marine waters can
be considered "plankton-dominated"
systems, which implies that this
assemblage should provide valuable
information in an assessment of
ecosystem condition. Advantages of
using plankton include:

» Plankton provide the most notable
indication of eutrophication in
estuarine environments. Changes in
nutrient concentrations can result in
long-term changes in estuarine
community structure and function
and planktonic primary producers
are one of the earliest communities
to respond;

» Changes in plankton primary
production will in turn affect higher

trophic levels of macroinvertebrates
and fish;

» Many states routinely monitor
chlorophyll a as part of water quality
monitoring due to the ease and
relatively low cost of analysis;

» Plankton have generally short life
cycles and rapid reproduction rates
making them valuable indicators of
short-term impact.

As with all other assemblages, there are
disadvantages associated with using
phytoplankton in a biosurvey:
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» The fact that phytoplankton are
subject to rapid distribution with the
winds, tides, and currents means
they may not remain in place long
enough to be source identifiers of
short-term impacts. This problem is
compounded by the ability of some
phytoplankton to synthesize
atmospheric sources of nitrogen,
thus confounding the identification
of runoff sources of nutrients in
estuaries and the resultant changes
in the aquatic biota;

» Taxonomic identification of
phytoplankton can be difficult and
time-consuming;

» Competition by aquatic
macrophytes, higher respiration
rates, and increased grazing by
zooplankton may counteract
increased phytoplankton biomass
resulting from nutrient enrichment.
These reasons argue for
investigating phytoplankton and
zooplankton together as biological
indicators;

» Phytoplankton can undergo blooms,
the causes of which might be
indeterminate, at varying
frequencies.

2.3 Measures of Community
Condition and Change
Being Developed

Two assemblages (zooplankton,
epibenthos) have considerable potential
for expanding the biological information
available for biocriteria development
and bioassessments. These assemblages,
however, are considered
“developmental” at this time. Assurvey
methods become more refined and
routine, databases for these assemblages
will expand and the techniques are
expected to become sufficiently robust to

be incorporated in biocriteria
development and environmental
management decision making.
Paleoenvironmental reconstruction is an
additional technique being developed.
This technique allows investigators to
infer past conditions from the remains of
several groups of organisms found in
sediment cores, and to compare those
past conditions to current ones.

2.3.1 Zooplankton

Zooplankton consist of two basic
categories: holoplankton which spend
their entire life cycle as plankton, and
meroplankton which are only plankton
while in the larval life stage.

Holoplankton are characterized by rapid
growth rates, broad physiological
tolerance ranges, and behavioral
patterns which promote their survival in
estuarine and marine waters. The
calanoid copepods are the numerically
dominant group of the holoplankton,
and the genus Acartia (A. tonsa and A.
clausi) is the most abundant and
widespread in estuaries. Acartia is able
to withstand fresh to hypersaline waters
and temperatures ranging from 0° to
40°C.

The meroplankton are much more
diverse than the holoplankton and
consist of the larvae of polychaetes,
barnacles, mollusks, bryozoans,
echinoderms, and tunicates as well as
the eggs, larvae, and young of
crustaceans and fish.

Zooplankton populations are subject to
extensive seasonal fluctuations reflecting
hydrologic processes, recruitment, food
sources, temperature, and predation.
They are of considerable importance as
the link between planktonic primary
producers and higher carnivores. As
such, they are also early indicators of
trophic shifts in the aquatic system.
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Advantages of zooplankton sampling
are similar to phytoplankton:

» The rapid turnover of the
community provides a quick
response indicator to water quality
perturbation;

» Sampling equipment is inexpensive
and easily used;

» Compared to phytoplankton, sorting
and identification is fairly easy.

Some limitations of using zooplankton
in biosurveys are:

» The lack of a substantial data base
for most regions;

» The high mobility and turnover rate
of zooplankton in the water column.
While this permits a quick response
by zooplankton to environmental
changes on the one hand, it also
increases the difficulty of evaluating
cause and effect relationships for this
assemblage.

2.3.2 Epibenthos

The sampling of those animals living on
the sediments or on structures may
prove to be the link between relatively
low cost but highly variable fish
community information, and the more
consistent but expensive benthic
macroinvertebrate surveys. The process
has been tested with considerable
success in Washington, North Carolina,
and Florida (Chapter 13).

Advantages of using this assemblage
are:

» The relatively sedentary life style of
some epibenthic fauna can result in
an in-place accumulation of
indicative pathogens and toxicants
in individuals while the community

composition reflects the average
salinity, temperature and dissolved
oxygen of that locale over an
extended period of time (Day et al.
1989);

» Ease of data collection by use of
small otter trawls or beam trawls;

» Relative ease of identification
because taxonomic lists of local
crustaceans, mollusks, and
echinoderms can be fairly easily
compiled;

» Sampling is as inexpensive as fish
surveys, and can often be done with
the same or similar equipment
during the same survey;

» Decapod crustacea are usually very
important prey for fish and are
important components in benthic
food webs. Some (e.g., shrimp and
crabs) are harvested for human
consumption.

Possible difficulties involve:

» Potential equipment snags and
difficulties in macrophyte beds;

» Benthic infauna would likely be
included in the trawl sample due to
disturbance of surface sediments;

» As when using otter trawls for fish,
benthic habitat may be destroyed;

» There is greater potential for
avoidance by organisms than when
sampling for benthic
macroinvertebrates, though not as
great as with fish surveys;

» Because of relatively low taxa
numbers in some environments,
especially coastal marine waters,
impact response may not be as
sensitive as desired; this could be
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addressed by the use of indicator
species instead of a multimetric
approach;

» Epibenthos are very sensitive to
substrate type;

» Relative sensitivity remains to be
determined in many areas.

2.3.3 Paleoenvironmental
Reconstruction: preserved
remains

Several groups of organisms in estuaries
leave remains in the bottom sediments.
Some of the remains are resistant to
decay and become a permanent
biological record of the life in that
waterbody. Comparisons of present-day
biota to that of the past allow past
environmental conditions to be inferred.
Several groups of organisms have been
used for this type of study in estuaries
including diatoms, dinoflagellates, and
foraminifera (Latimer et al. 1997).

The approach is to elucidate
relationships between environmental
conditions (for example, temperature,
dissolved oxygen, nutrient
concentrations) and the relative
abundance of target species. These
known relationships are then used to
infer past conditions from the observed
remains in the sediment. Advantages of
studying paleoenvironmental systems
include:

» diatoms, dinoflagellate cysts, and
foraminifera found in sediments
integrate conditions over broad
spatial scales and over time periods
of one year or more, so that short-
term variability does not confound
assessment;

» there is no need to adhere to an
index period for sampling;

» paleoenvironmental reconstruction
can provide a site-specific reference
by showing conditions in the past.

Disadvantages of studying
paleoenvironmental systems include:

» itrequires arelatively stable
depositional environment; it is not
suitable for shallow estuaries subject
to frequent resuspension;

» it requires conditions for
preservation of target assemblages in
the sediment;

» temporal resolution is limited by the
rate of accumulation (between 1-10
years); it cannot be used to assess
short-term response to stressors or to
restoration efforts;

» at the time of this writing, technical
expertise for estuarine paleoecology
is specialized, with only a small
handful of research institutions
active in North America.

2.4 The Use of Indexes to
Compile And Evaluate
Biological Data

It is evident that biological surveys can
generate tremendous amounts of raw
data. The usual approach to sorting this
wealth of observations is to summarize a
series of diverse community
measurements into one or more
dimensionless indexes, much as the
cumulative performance of a student's
work for a year can be reduced to
annual grades.

As with student grades, the use of
dimensionless indexes is a well-
established and consistent way to
evaluate and compare many discrete
units as a continuum of performance or
condition. Also similar to student
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grading, detailed insight is lost when the
complex interplay of so many discrete
variables is reduced to a single score.
The reasons for high or low scores are
not always evident and the accuracy of
the scoring process itself is always
subject to debate. Indexing is the only
way to rank order information for
decision making. However, valuable
insight is lost at every level of data
reduction. There is no alternative to the
process short of relying entirely on the
professional judgment and wide
variation of skill of individual biologists.
The strengths of index development and
use are:

» Itis arational, consistent way to
reduce large amounts of data to
unitless, meaningful interpretations;

» It is a quantitative treatment of the
observations which permits
statistical assessments;

» Interpretive bias is reduced in the
treatment of the data.

Conversely, indexing;:

» Removes the decision-making from
detailed evaluation of the data and
information to just reporting of
simplified indexes;

» May be viewed as irrefutable,
despite evidence to the contrary;

» May obscure important and
confounding interrelationships in
the aquatic environment
contributing to the index score(s);

» Obscures more information as each
level of data reduction is performed
leading to an index value, so that
some indexes are not sufficiently
sensitive to reflect biotic change;

» Provides no indications of causes of
the relative condition of the system.

The best way to guard against the
problems of indexing, while using it to
expedite decision-making, is to always
retain the raw data. These files can be
used to translate historical data sets into
present indexes for temporal continuity,
and even more important, they can be
evaluated to provide an interpretation
and potential diagnosis for management
action when a particular site is being
evaluated.

Indexes are most often used to measure
community composition such as species
abundance, diversity, evenness,
richness, and dominance or conditions
such as incidence of disease,
malformation, and distributions of year
classes. These can be used to assess the
changes in community structure that
occur as a result of anthropogenic
perturbations (Boyle et al. 1990).
Community function can also be
described through indexes such as the
Infaunal Trophic Index (Word 1978,
1980, USEPA 1987).

Although indexes have long been used
in applied and theoretical ecology, it is
recognized that some of them, when
applied individually, are insensitive to
stress-induced changes in naturally
occurring biological communities (Boyle
et al. 1990). Because of varying
sensitivities of the community indexes,
several of them should be used
concurrently for evaluating impacts.
This approach provides greater certainty
of the data interpretation than reliance
on any single index. Conversely, while
Ludwig and Reynolds (1988) indicate
that the most reliable community
measures in evenly matched surveys are
number of individuals and number of
taxa as direct measures; it has been

2-8

Biological Survey



observed in the coastal marine studies
associated with this guidance manual
that, at least in two mid-Atlantic Bight
outfall studies, the diversity index and
the richness index both appear to be
more responsive than number of
individuals or number of taxa to sewage
impacts (Gibson, Chapter 13). For a
more detailed discussion of the different
indexes and their particular applications
see Chapter 11 (Index Development)
and Chapter 13 (Case Studies).

2.5 Indicator Taxa

Indicator taxa or species are those
organisms whose presence (or absence)
at a site indicates specific environmental
conditions. If an organism known to be
intolerant of pollution is found to be
abundant at a site, high water quality
conditions can be inferred. On the other
hand, dominance by pollution tolerant

organisms implies a degraded condition.

When available, indicator taxa are an
important, cost-effective preliminary
survey tool for site assessments.
However, the investigator should
always ascertain that absence of an
indicator organism is a fact and not
merely a reflection of insufficient
sampling.

Swartz et al. (1985, 1986, 1994) have
demonstrated the sensitivity of the
amphipod Rhepoxynius abronius to the
complex contaminant mixture that often
characterizes coastal marine benthic
pollution. Their studies were performed
along pollution gradients from the Los
Angeles County Sanitation Districts’
sewage outfalls to control conditions in
Santa Monica Bay. The results showed
that there were significant increases in
the concentration of most sediment
contaminants and significant decreases
in benthic taxa richness and abundance
at stations where sediment was acutely

toxic to R. abronius (Swartz et al. 1985).
More studies performed by Swartz et al.
(1994) at a designated Superfund site in
San Francisco Bay also showed that
acute sediment toxicity lab tests of R.
abronius correlated with biologically
adverse sediment contamination in the
field. Other EMAP studies (Summers et
al. 1992) included a 10-day acute test
using the tube-dwelling amphipod,
Ampelisca abdita. The majority of
sediments proving significantly toxic to
A. abdita were found in Louisiana and
Alabama estuarine waters.

A well-known indicator for degraded
systems is the polychaete Capitella
capitata. C. capitata and its related
species are collectively known as the C.
capitata complex. In general, the
presence of this indicator species
corresponds to a dominance of deposit
feeders that colonize an area as organic
pollution increases. Swartz et al. (1985)
observed dominance of Capitella near
sewage outfalls. A recentstudy in the
Mid-Atlantic Bight by the U.S. Army
Corps of Engineers (1996) suggests that
the polychaete Amastigos caperatus may
have indicator potential similar to the
Capitella complex.

A problem with using pollution tolerant
indicator organisms is that some of these
organisms may be ubiquitous and found
in naturally occurring organically
enriched habitats as well as in minimally
impaired waters. To be useful as an
indicator, they must have displaced
other, less robust taxa and have
achieved numeric dominance. Tolerant
and ubiquitous organisms can be found
in sediments far away from sources of
sewage pollution and long after plumes
have dispersed.

The use of the concept of "clean"
indicator species is less subject to this
form of misinterpretation. These "clean"
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or highly sensitive organisms are less
likely to be found in both polluted and
high quality habitats.

The best option may be the paired use of
both pollution tolerant and intolerant
indicator species. If both indicators
change concurrently in opposite
directions, more confidence can be
placed in the interpretation.

As part of the biological survey process,
individual indicator species are useful in
reducing analytical costs. They are not
only a valuable preliminary assessment
tool, they are a cost-effective way to
define the magnitude, spatial, and
temporal extent of an impact (USEPA
1992). Selected indicators should
possess the following characteristics
(Green 1984):

» Provide sufficiently precise and
accurate appraisals of:

— species of concern
— magnitude of anthropogenic
disturbance;

» Be cost-effective and statistically
reliable as an alternative to
monitoring all critical community
measures;

» Appropriate to the spatial and
temporal scale demanded by the
study objectives.

When indicator species are employed in
tandem for impact investigations, a
gradient of species distribution can often
be identified. Such a gradient might
progress from the most degraded
waters, having low diversity
communities dominated by pollution
tolerant opportunistic species, to
unimpaired or minimally impaired
waters having diverse communities that
are comprised of a wide range of taxa,

including pollution sensitive ones and
some that are pollution tolerant.
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Chapter 3

Habitat Characterization

Biological assessment in estuaries and
coastal marine waters is built around
assessing two separate ecosystem
components: the habitat and the biota.
The biota are the resident plant and
animal assemblages in the water body.
The condition of the biota depends in
part on the quality of the physical-
chemical environment of estuaries and
coastal marine waters; i.e., habitat.
Habitat is in turn influenced by natural
and catastrophic events, climate, and
human activities. These include:

> Seasonal variations in precipitation,
temperature shifts, and wind or
wave patterns;

> Introduced or extirpated species able
to influence the habitat (such as
burrowing organisms, plants, or
diseases/parasites;

» Shifts in sedimentation or scouring
patterns;

» Dredging and filling;
» Shoreline or basin construction;
» Bulkheading and jetty construction;

> A variety of land use and
navigational practices.

This conceptual model is based on an
understanding of the causal mechanisms
of natural and anthropogenic stress
effects in estuarine and coastal marine
ecosystems.

Estuaries integrate processes because
they receive and retain matter and
energy released in the watershed. Many
human activities directly affect aquatic

habitat including discharges,
agriculture, and urban land use which
contribute materials (sediment,
nutrients, contaminants) to the water
body. Biological communities are
directly affected by their physical
habitat and water quality conditions,
and also by direct human activities such
as stocking or harvesting.

Components of biota are the biological
assemblages, such as algae, aquatic
macrophytes, benthos, epibenthos,
plankton, and fish. Habitat components
for the biological assessment of these
assemblages are hierarchical, and
include the watershed, the nearshore
zone, the water column, and the
sediment. An integrated assessment
evaluates the condition of estuaries and
coastal marine waters by aggregating
data on components of both habitat and
biota. The habitat component may be
damaged by physical stress or chemical
degradation from pollution. Thus,
habitat studies may help identify causes
of biological decline as well as being the
important determinant of the types of
biotic communities to be expected. This
classification function is crucial to
proper biocriteria development.

Habitat characterization is essential to
the proper classification of sites.
Although estuaries are by definition
transitional zones between fresh water
and the sea, and both estuaries and
coastal marine waters incorporate many
environmental gradients (e.g., salinity,
sediment grain size, depth), individual
locations and conditions are often
defined categorically. Thus, a site may
be characterized as oligohaline or
mesohaline with respect to salinity, or
sand or mud with respect to sediment
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grain size. The composition of
biological assemblages can vary
dramatically along these habitat
gradients, and valid comparisons of
estuarine and coastal marine biological
assemblages require that their habitats
be correctly classified.

3.1  Flow and Hydrography
The type of estuarine ecosystem in a
specific area is primarily controlled by
the physical environment; i.e.,
geomorphology, climate, salinity, and
the availability of fresh water. The
absolute values of the abiotic factors are
not as important as the degree of
fluctuation of factors such as the
microclimate, water movement,
chemical cycling, and physical structure
(Day et al. 1989). In addition, the
residence time of water in an estuary can
influence overall water column
pollutant concentrations.

The abiotic features thought to be
important in determining the specific
nature of estuaries as proposed by Day
et al. (1989) are:

> The degree of protection and
buffering from direct oceanic forces;

> The quantity of freshwater input and
associated dissolved and suspended
materials;

» The water circulation patterns that
are determined by riverine and tidal
currents, geomorphology and wind.
Tides play a critical role in
influencing circulation, and
biochemical and biological
processes. In many coastal regimes,
the wind-driven currents are more
predominant than tidal and
geomorphologically-induced
currents;

» Depth—stronger interactions
between the water column and the
bottom occur in shallow estuaries,
thereby expediting the release of
sediment nutrients for use by the
phytoplankton;

» Variability of salinity and the
sharpness and pattern of the salinity
gradient from the mouth to the
headwaters. Water circulation
influences the salinity gradient and
the distribution of biological
assemblages;

» The rate of geomorphological change
generated by various physical forces
that control sediment transport
within the estuary.

These controlling abiotic features are
discussed in more detail in the following
sections.

3.1.1 Circulation and Tidal Regime
Circulation is the physical process that
influences or controls many of the
ecological processes occurring in an
estuary, including the degree to which
an estuary is dominated or modified by
hydrodynamics. The three major
driving forces behind the circulation
patterns in estuaries are: (1)
gravitational circulation; (2) tidal
circulation; and (3) wind-driven
circulation. Geostrophic forcing; i.e., the
Coriolis effect, can significantly alter
estuarine circulation patterns as does
bathymetry. A notable example is the
Chesapeake Bay, where lower salinities
extend further south along the Bay’s
western shore in comparison to its
eastern shore.

Gravitational circulation is induced by
water masses of differing densities and
the layering of fresh water inflow on top
of more saline waters. These density
differences cause the lighter fresh water

3-2

Habitat Characterization



to flow over top of the saltwater to form
what is commonly termed the "salt
wedge". In what is termed the
"classical" estuarine gravitational
circulation, the pressure surfaces of the
fresh water are tilted seaward and the
pressure surfaces of the saltwater are
tilted toward the head of the estuary.
The shear stress forces that occur at the
interface of these two water masses
cause vertical mixing and an eventual
equalizing of the pressure surfaces
somewhere near mid-depth. The fresh
water surface layer has a net seaward
movement, the saltwater layer on the
bottom has a net movement upward into
the estuary and the interface is a zone of
no net movement.

Typically, density differences and the
resulting circulation are determined by
salinity and the circulation as is
described above. However, in arctic or
subarctic estuaries, the fresh water
inflow may be substantially colder than
the saltwater causing the fresh water
inflow to sink below the saltwater,
reversing the expected circulation
pattern. In shallow lagoons that receive
little or no fresh water input such as
Florida Bay or Laguna Madre, the
evaporation rate can cause the salinity of
the water within the lagoon to rise
higher than the ocean waters. When this
happens, the ocean water flows into the
estuary on the surface and the estuarine
water flows out on the bottom, resulting
in reverse circulation. Most often,
though, shallow lagoons are well-mixed
by the wind and reverse circulation is
only observed at the mouth of the
lagoon.

Tidal circulation occurs when the ebb
and flow of the tides becomes the
driving force behind circulation. This is
known to occur in estuaries with steep
constrictions or with shallow depths and
large tidal ranges (e.g., Puget Sound),
and in the absence of density gradients

or wind stress. In many estuarine
systems, gravitational and tidal effects
coexist.

Wind circulation is common in estuaries
with open water, shallow water depths,
a small tidal range, and low fresh water
input. Although the effects of wind may
be overshadowed by gravitational or
tidal forces, periods of sustained wind
can have dramatic ecological effects. In
the Ten Thousand Islands region of the
Florida Everglades, sustained northern
winds virtually drain the water out of
large portions of the estuary for
extended periods of time, exposing large
areas of mudflats. Winds that blow into
an estuary can create a net flood flow
and result in the inundation of marshes
and grass lands. In lagoons as well,
water can pile up on one side of the
lagoon creating a seiche or a sloshing of
the water back and forth within the
lagoon.

Attention to these diverse, often
variable, and always significant
circulation patterns is essential to
understanding the biotic distribution of
coastal and estuarine environments.
This must always be addressed before
attempting to attribute such distribution
to anthropogenic influences.

3.2 Habitat Types

Use of a single habitat to characterize
biological assemblage condition would
minimize the requirements for
expenditure of time and resources.
However, estuaries and coastal marine
waters are inherently heterogeneous
systems. By definition, a salinity
gradient is present in any estuary.
Greater numbers of species are typically
observed at the marine end of the
salinity gradient, with the fewest
numbers observed in about 3-7-ppt
(Weisberg et al. 1993). This may be due
to the unpredictable nature with which
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the brackish water zone varies along the
length of the estuary; driven by the
strength and intervals of freshwater
inflow.

In addition to a salinity gradient,
estuarine habitats vary in bottom
substrates, and in the predominance of
erosional versus depositional
environments. The variations in these
characteristics will lead to differences in
the way pollutants and other stressors
will effect the biota. For example,
depositional environments occur where
large amounts of terrigenous sediments
are transported by rivers to embayments
and where the water is sufficiently
quiescent that fine-grained sediments
settle out. Metals, synthetic organic
pollutants, and other contaminants
adsorb to fine-grained sediments
(Holland 1990) and low-density organic
detritus. Thus, the prevalence of
depositional areas may reduce the
likelihood of water column exposure of
estuarine organisms to toxic materials,
but may increase the exposure to
burrowing organisms. Conversely, the
water column of erosional zones is often
highly enriched as resuspended
phosphorus is episodically mobilized.

Habitats in estuaries and coastal marine
waters can be classified into nine major
categories. These habitats are
summarized below in a progression
from open, deep waters to decreasing
depths near the shoreline. The choice to
sample one or more of these nine
habitats will be dictated by their areal
extent and the nature of the problems
being addressed.

3.2.1 Open Water

Sampling in open water may
demonstrate phytoplankton blooms
which might be symptomatic of
eutrophication from anthropogenic
inputs of phosphorus or nitrogen. It

should be noted that not all
phytoplankton blooms (e.g., red tides)
result from anthropogenic stresses.
Increases in the standing stocks of
bacteria associated with fecal material
can be used to identify the presence of
sewage effluent. Open water (plankton
and nekton) studies also allow
assessment of pelagic food webs.
Sampling of pelagic finfish also occurs
in open estuarine and marine waters.
Limitations of sampling in open water
include a high degree of patchiness in
the plankton and finfish assemblages,
which necessitates the sampling of large
volumes and areas of water before
results can be described with acceptable
precision. Because of the transitory
residence time of water parcels moving
through estuaries and the short life
cycles of planktonic flora and fauna, a
relatively high sampling frequency is
necessary to distinguish signals from
noise in this area.

3.2.2 Soft Bottom Substrates

A "soft bottom" deposit may be
dominated by mud or fine- to relatively
coarse-grained, hard-packed sand. All
of these sediments can be sampled with
appropriate grabs. Soft bottom
substrates provide habitat for
economically valuable clams, shrimp,
and juvenile flatfishes. Muds have a
high surface area-to-volume ratio,
providing a large surface area for the
adsorption of metals and organic
pollutants. Also, fine-grained deposits
are often rich in biogenic adhesives
(mucopolysaccharide secreted by
microbes and meio- and macrofauna), to
which organic pollutants may adhere.
Under anoxic conditions, these deposits
are often called ‘black ma yonnaise.”
Conversely, sands have a lower surface
area-to-volume ratio. Thus, there is less
surface area available in the deposit to
which pollutants may adsorb.
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A limitation of sampling in soft
substrates is that the samples must be
sieved before individuals can be counted
and identified. With medium or coarse
sands this also means large volumes of
sediment are retained on the sieves for
subsequent processing. Thus,
measurements cannot be readily made
in the field. This is especially true for
samples in which an abundance of
organic debris (wood chips, seagrass
leaves) masks the presence of small,
cryptic organismes.

3.2.3 Hard Bottom Substrates

Hard bottom substrates can include
offshore rocky outcrops; oyster, relic
shell, and worm tube reefs; and relic
limestone and coral outcrops. Oyster
and mussel beds are major habitats
supporting a complex community of
various species essential to the biological
diversity of estuaries such as
Chesapeake, Florida, and Tampa Bays.
In fjords the predominant subtidal
habitat may be the rocky walls
extending below the water line. An
advantage of sampling these areas is
that the macroalgae growing along these
walls may be relatively sensitive to
stress and can be used in bioassays or
tested for bioaccumulation (Levin and
Kimball 1984).

Hard bottom substrates frequently occur
in high-energy environments common
in portions of Alaska, Washington,
Oregon, and northern California, as well
as New England. For example,
gravel/cobble beaches are typically
subject to high incident wave energy.
Accumulations of fine-grained
sediments or organic detritus are not
expected on hard substrates either
because there is no riverine source or
because the energy of the environment
prevents their accumulation. In
addition, subtidal rocky bottoms are
difficult to sample remotely. A grab

sampler cannot be used, for example, as
it can in soft-bottom habitats. Typically,
divers conduct transect observations
and take photos.

Another limitation of sampling hard
substrate is that the larvae and spores of
rocky substrate organisms are typically
planktonic; therefore, recruitment may
be strongly influenced by factors outside
the estuary. Sampling and analysis
methods must be appropriate both to the
specific type of hard substrate as well as
regional characteristics due to the fact
that hard bottom substrates can exist
from rocky, high energy regions in
California to carbonate sediment, low
energy regions in Florida.

3.2.4 Aquatic Macrophytes

Macrophyte beds are among the most
important estuarine habitats, both
ecologically and economically.
Seagrasses (in this text, used to describe
macrophytes existing from tidal fresh to
marine conditions) create an
environment with a high degree of
structural complexity. Ecological niches
exist within the sediment, between the
rhizomes, along the surfaces of the
leaves, and in the protected portion of
the water column within the bed. Thus,
a seagrass bed is capable of supporting a
highly diverse fauna. Seagrass beds are
among the most productive aguatic
habitats. In western Florida, Thalassia
testudinum beds produce 8,100-gm? dry
weight of leaves at maximum standing
crop (Hillman et al. 1989). Seagrass beds
provide "nursery areas" for juvenile
fishes and decapod crustaceans,
including many of economic
importance. Seagrass leaves are known
to bioaccumulate and possibly to
bioconcentrate metals (Ward 1989).

The right mix of nutrients and water
clarity are key in seagrass growth and
survival in estuarine systems. A study
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by Stevenson etal. (1993) demonstrated
regrowth of SAV in the Choptank River
of the Chesapeake Bay (mesohaline
salinity regime) was associated with
mean DIN <10-uM, mean DIP <0.35-uM;
mean SPM (suspended particulate
matter) <20-mgL*; mean chlorophyll a
(in water column) <15-pgL™; and mean
light attenuation coefficient (Kd)<2-m™.

In addition to serving as habitat for
invertebrates and fish, macrophytes are
also a biological assemblage in their own
right and appear to be relatively
sensitive to stress. These beds can be
monitored from historical photos and
other records (Shepard et al. 1989).
Areal reductions are often attributed to
shading, which may result from a
variety of anthropogenic factors
including turbidity (from ship traffic,
dredging, or harbor construction which
may stir fine-grained material up into
the water column) and eutrophication
(where inputs of nutrients stimulate
increases in the density of
phytoplankton and of epiphytic macro-
and microscopic algae on leaf surfaces).

A limitation of sampling in seagrass
habitats is that because of their
ecological complexity, multiple
sampling strategies are required to
survey the various components of the
fauna (Howard et al. 1989), increasing
the expenditure of time and resources by
investigating agencies.

3.2.5 Beaches

Beaches are accumulations of
unconsolidated sediment (e.g., sand,
cobble) extending shoreward from the
near low-tide line to some demarcation
such as a sea cliff or dune field, or to the
point where permanent vegetation is
established (Komar 1976). High energy
beaches typically consist of shingle or
cobble due to the removal of finer
sediments by high incident wave

energy. These beaches may be
commonly found on the Atlantic coast
north of Cape Cod and along the Pacific
coast. High energy beaches of
southeastern Florida are composed of
sand and are protected by sabellariid
reefs offshore. Low energy beaches
consist of sand and finer sediments and
are widely located on the Atlantic coast
south of Cape Cod, the Gulf of Mexico,
and along the southern Pacific coast,
and along the shorelines of most
estuaries and their tidal tributaries.

Distinct zones occur across the beach
profile, proceeding from the subtidal
offshore and inshore zones, through the
foreshore that lies between the upper
current of wave swash at high tide and
the low water mark of the backrush of
the wave swash at low tide, to the
subaerial backshore (Komar 1976).
These zones contain a gradation of
faunal communities in response to
varying conditions of wave energy,
sediment size, and inundation by water.
Sampling across the beach profile can be
problematic, particularly on high energy
beaches, due to the rapidly-varying
wave conditions and distribution
patterns of beach infauna and epifauna.
If attempted, core samplers can be used
on low energy beaches but quadrat
surface sampling may be required on
high energy beaches.

3.2.6 Sandflats

Deposits described as "fine sand"
contain some silts and clays and harbor
rich communities of both deposit- and
suspension-feeding invertebrates.
"Coarse sands,” found in higher energy
environments, are expected to be
dominated by suspension-feeding
invertebrates. If a sufficient erosional
force is applied to a sandy bed by the
overlying flow, sand waves form. Sand
waves indicate a physically stressful
habitat, typified by a relatively
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depauperate fauna. It should be noted
that coarse sands generally contain
relatively low faunal densities and
biomass. However, when coarse sands
are colonized by surf clams and
echinoderms (sand dollars), densities
and biomass can be very high.
Compared to mudflats, relatively little
organic material and few associated
pollutants are expected to accumulate in
coarse sands. Calcareous deposits in
Puerto Rico and Hawaii may provide an
exception to this in that they have high
organic matter content and many
pollutants (Dossis and Warren 1981).

3.2.7 Mudflats

Mudflats provide habitat for
commercially important clams and other
invertebrates and feeding habitat for
fishes and shorebirds. Fine-grained
sediments (i.e., clay) and organic
detritus accumulate on mudflats. These
materials provide a large surface-to-
volume ratio adsorb metals and organic
pollutants. This same expanse of
usually nutrient and oxygen rich habitat
also supports diverse primary
producers, bacteria, plankton, and fish
and invertebrate species in a complex
community.

3.2.8 Emergent Marshes

Where present, emergent marshes may
be extremely important components of
estuaries and coastal marine
embayments and lagoons because they
filter storm water runoff from cities,
forests, and agricultural areas.
Emergent marshes may also provide
flood protection by attenuating peaks in
storm water flow and reducing the
erosive energy of wave action.

Traditionally, the ecological health of a
marsh has been characterized by
measuring changes in its areal extent
and the abundance and diversity of its

fish and wildlife populations. Although
"microelements” of the marsh
community (e.g., terrestrial insect
assemblages) may be more sensitive to
perturbations, these studies may be
more expensive and time-consuming to
carry out. For example, insect
populations are difficult to sample
guantitatively because of their mobility
and cyclic abundance.

3.2.9 Mangrove Forests

Low-lying tropical coasts are often
bordered by dense mangrove forests.
Temperature, particularly the frequency
of freezes, and rainfall gradients restrict
mangrove distribution. In the Gulf of
Mexico, mangrove forests occur along
the coasts south of Cedar Keys, Florida
and generally south of Port Isabel,
Texas. Isolated stands of black
mangrove (Avicennia germinans) OCCUY in
the Mississippi deltaic plain (Day et al.
1989), but mangroves are otherwise
absent from the northern Gulf coast,
which is dominated by salt marshes.
Significant mangrove stands also occur
south of Cape Canaveral on the east
coast of Florida (Odum and Mclvor
1990). Mangrove forests and their
associated waters provide valuable
habitat for a range of invertebrates,
fishes, amphibians, reptiles, birds, and
mammals. Mangroves are also valuable
as stabilizers of intertidal sediments, and
the structural complexity of the prop-
roots provides habitat for many
commercially and recreationally
important fishes.

3.3 Water Column
Characteristics

Many chemical and biological processes
in the environment are affected—
directly or indirectly—by the physical
characteristics of that environment
(Thomann and Mueller 1987).
Therefore, collection of physicochemical
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data such as salinity, temperature,
dissolved oxygen, pH, turbidity,
nutrients, contaminants, and depth
provides information necessary to
evaluate biological data.

Although organisms living in estuaries
are adapted for life in a physically
dynamic system, many are living near
the limit of their physiological tolerance
range and any long-term alteration of
physicochemical environmental
conditions could force their permanent
exclusion from the estuary. Evenin
minimally-impaired estuaries, causes of
mass mortalities have been attributed to
depletions of dissolved oxygen and
changes in temperature, salinity, and
excessive turbidity (Odum 1970). In
areas subjected to anthropogenic stress,
changes in physical and chemical
parameters may occur too frequently, be
increased in magnitude, or be sustained
for periods of time that only the
extremely tolerant organisms can
endure.

The community composition of marine
and estuarine fish assemblages is
determined by the various species
tolerances and preferences for
environmental variables such as
substrate, salinity, and temperature
(Weinstein et al. 1980). These
environmental variables are controlled
by the quantity and direction of the flow
of water; i.e., fresh water inflow, tidal
cycles, circulation patterns, etc. The
spatial and temporal distribution and
abundance of fishes would typically be
determined by these variables.
Anthropogenic stress adds to the
complexity by interfering with some
aspects of the physiology of the fishes.

In the Chesapeake Bay, salinity is the
major factor affecting the regional
distribution of macrobenthos, while
sediment characteristics have the most
influence over local distributions

(Carriker 1967). In the upper
Chesapeake Bay, sedimentation,
stratification, circulation, nutrient levels,
and dissolved oxygen concentrations are
all determined by the strength and
variation of the fresh water inflow from
the Susquehanna River.

Basic water quality parameters should
always be monitored to provide a record
of environmental conditions at the time
of sampling and to provide information
used in assessing the condition of
biological assemblages. These
parameters should be measured at the
same time and location as the biological
sampling. Such episodic data will only
serve to provide a snapshot of the
conditions at the time of sampling and
will not characterize the habitat
conditions in such dynamic ecosystems.
To properly characterize many water
quality conditions, long-term data sets
are required, including data collected at
short intervals over complete tidal cycles
for each season.

Monitoring schemes for
physicochemical water quality
characteristics of the habitat usually
involve in situ methods. Data on the
water column's characteristics can be
collected relatively inexpensively; the
expense of different methods is
generally governed by the level of
automation. Nonetheless, it is essential
to standardize the monitoring design in
order to ensure the comparability of
monitoring data throughout the
program.

Measurements of temperature, salinity,
and turbidity should be taken at a
minimum of four depths in the vertical
profile: (1) 1-m below the surface, (2) 1-
m above the bottom, (3) 1-m above the
pycnocline, and (4) 1-m below the
pycnocline. If the waters are too
shallow or no stratification occurs, it
would be appropriate to take samples
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just below the surface, at mid-depth, and
just above the bottom. However,
features of water masses recorded in the
historical data; i.e., historical profiles of
salinity, temperature, and turbidity, and
the collection of other data types (e.g.,
plankton community structure and
water chemistry) should be considered
when establishing sample depths (Pond
and Pickard 1983).

When using in situ methods (e.g., a
conductivity-temperature-depth meter
[CTD], temperature, salinity and pH
measurements should be taken at 1-m
intervals with a maximum interval of
<5-m in deeper coastal waters. The
measurements should be made over the
entire depth profile (to within 1-m of the
surface and bottom). Little additional
cost is incurred for this detailed
characterization of the water column
once the CTD is deployed. In areas of
high stratification, a smaller interval
would be appropriate. With some of the
newer, more expensive probes, a
continuous readout is possible and
discussion of depth intervals is
immaterial.

3.3.1 Salinity

Estuaries are transitional zones in which
the chemical composition varies from
that of freshwater to marine. Salinity is
a key determinant in the distribution of
estuarine flora and fauna, especially for
benthic invertebrate communities (e.g.,
Engle et al. 1994, Holland et al. 1987,
Summers et al. 1993, Weisberg et al.
1993). Taxarichness is most strongly
affected by salinity, with relatively low
richness in brackish waters compared to
freshwater and seawater. Taxa richness
metrics can be expressed as a "percent of
expected" for a given salinity (Engle et
al. 1994, Summers et al. 1993, Weisberg
et al. 1993).

The best-known estuarine zonation
system (the Venice system) is based on
salinity and establishes five estuarine
salinity zones:

» Limnetic (0-0.5-ppt)
» Oligohaline (0.5-5-ppt)
» Mesohaline (5-18-ppt)
» Polyhaline (18-30-ppt)
» Euhaline (>30-ppt).

Bulger et al. (1993) conducted a Principal
Components Analysis (PCA) to derive
estuarine salinity zones based on field
data on the salinity ranges of 316 species
or life stages in the mid-Atlantic region
(primarily species found in the
Chesapeake and Delaware Bays). The
PCA showed that the data structure
underlying the salinity distributions of
the biota could be explained by five
principal components corresponding to
five overlapping salinity zones: 0-4 ppt;
2-14-ppt; 11-18-ppt; 16-27-ppt; and >24-
ppt. This zonation scheme is similar to
the Venice system, but is objectively
derived from the salinity distribution of
estuarine organisms. Measurement of
the ionic strength of estuarine and
marine waters is typically made using
salinity. Salinity may be defined as the
total solids in water after all carbonates
have been converted to oxides, all
bromide and iodide have been replaced
by chloride, and all organic matter has
been oxidized (APHA 1981), and is
usually reported as grams per kilogram
or parts per thousand. Salinity is most
commonly measured electronically
using a salinometer probe as part of a
CTD unit.

A related measure of the ionic strength
of water samples is the conductivity,
which is the ability of an agueous
solution to carry an electric current.
This ability depends on the presence of
ions, their total concentration, mobility,
valence, relative concentrations, and on
the temperature of measurement.
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Conductivity is a more useful measure
in the tidal fresh water portion of
estuaries than is salinity (or chlorinity).
Conductivity is most frequently
measured using a CTD meter.

The EMAP-Estuaries program collects
point-in-time salinity measurements
concurrently with the collection of
biological and sediment samples using a
CTD probe (Holland 1990). CTD-
measured salinity is also incorporated in
other estuarine monitoring programs;
for example, the Chesapeake Bay
(Holland et al. 1988, 1989), San Francisco
Bay (ABAG 1991), and Puget Sound
(PSWQA 1988, 1990, 1991). Monitoring
guidance for the National Estuary
Program (USEPA 1992) and procedural
and monitoring guidance for the CWA
8403 program (USEPA 1994a) both
recommend CTD probes as the preferred
method for collecting salinity data.

3.3.2 Temperature

Temperature is an important
determinant of the rate of chemical
reactions and biological processes. DO
saturation is a function of water
temperature. Temperature influences
the spatial and seasonal distribution of
benthic infauna (Kendall 1983 cited in
Dardeau et al. 1992), microbial process
rates (Christian 1989), and temporal and
spatial distributions of fishes (e.g.,
Houde and Zastrow 1991). Estuarine
water temperature in temperate regions
is primarily a function of the
temperatures of influent streams, rivers,
the ocean, and tidal stage (Reid and
Wood 1976). Inthe sub-tropical
estuaries of Florida and Texas, estuarine
temperature may be more closely related
to incident sunlight and air temperature.
Because most estuaries are shallow,
there can be considerable diurnal and
seasonal temperature variation.
Estuarine temperature also varies with

air temperature and depth, leading to
vertical temperature gradients.

In addition to the potential influence of
natural temperature variations on
aquatic biota and chemical reactions,
anthropogenic thermal inputs can lead
to significant modifications of estuarine
and coastal marine biological
communities. A prime example is
thermal loading via discharge of cooling
water from power plants and other
industrial facilities. The important
influence of thermal discharges is
recognized in 8316 of the CWA, which
allows USEPA or states to impose
effluent limitations on thermal loading
at point sources to ensure that balanced,
indigenous populations of shellfish, fish,
and wildlife in and on a water body will
be maintained. Temperature should be
measured at each sampling site with a
CTD probe at 1-m intervals from the
surface to within 1-m of the bottom
concomitantly with the collection of
salinity and DO data. Diel temperature
measurements may also be needed.

3.3.3 Dissolved Oxygen

Dissolved oxygen (DO) is a basic
physiological requirement for nearly all
aquatic biota and for the maintenance of
balanced populations (exceptions being
anaerobic systems). Most estuarine
populations can tolerate short exposures
to reduced DO concentrations without
adverse effects. Extended exposures to
DO concentrations less than 60% oxygen
saturation may result in modified
behavior, reduced abundance and
productivity, adverse reproductive
effects, and mortality (Holland et al.
1989, Reish and Barnard 1960, Vernberg
1972). Low DO conditions can also
increase the vulnerability of benthos to
predation as they extend above the
sediment surface to obtain more oxygen.
Exposure to less than 30% saturation
(~2-mgL™) for 1 to 4 days causes

3-10

Habitat Characterization



mortality to most species, especially
during summer when metabolic rates
are high. Some benthic
macroinvertebrate species tolerate low
DO conditions, and prolonged low DO
concentrations frequently lead to
changes in the composition of benthic
macroinvertebrate assemblages in
certain areas (Holland et al. 1989).
Aguatic biota exposed to low DO may
be more susceptible to adverse effects of
other stressors (e.g., disease, toxic
chemicals, habitat modification)
(Holland 1990).

Because DO concentration throughout
the water column can vary widely with
tide, time of day, wind patterns, and
biological activity, the EMAP-Estuaries
program conducted extensive
comparisons of point-in-time and
continuous collections of DO data. In
deeper areas of Chesapeake Bay, within
EMAP's Virginian Province, bottom DO
has a strong tidal signal; high tide
corresponds to lower DO near the
bottom. Significant serial
autocorrelation of dissolved oxygen
concentration persists for 6 to 8 days,
indicating that consecutive
measurements taken less than 8 days
apart may not be independent (Holland
1990). In some EMAP Louisianian
Province estuaries a strong diurnal cycle
with lower DO occurs at night (Stickney
1984, Turner et al. 1987). Low DO in
these shallow, often well-mixed
estuaries may be highly variable both
spatially and temporally (Sanford et al.
1990, Schroeder 1979, Rabalais et al.
1985). These conditions can lead to
misclassification of the ecological
condition of estuaries with respect to
hypoxia.

Goals of the EMAP analyses comparing
DO measurement approaches were to
determine the best measure for
representing DO exposure, to evaluate
the stability of DO over the sampling

(i.e., index) period, and to determine if
the characteristics of exposure to
extreme low DO can be predicted from
short-term continuous DO records
(Holland 1990). Analyses of the data for
the Virginian Province showed that
three instantaneous DO profile
measurements best characterized the
DO status of a site. In contrast, in the
Louisianian Province the minimum DO
measured over a 24-hour period was
most successful in characterizing both
low and high frequency hypoxia sites.
These differences have logistical
implications for bioassessment of
estuarine and coastal marine waters in
that instantaneous DO measurements
can be made with CTD meters equipped
with a DO probe; the 24-hour minimum
DO measurements require the use of a
continuous recording DO meter that
must be deployed and subsequently
retrieved. Consequently, dissolved
oxygen is an important habitat
parameter, but the manager must
exercise care in both sampling design
and data interpretation when attributing
biotic responses to potential hypoxia.

Collection of DO in Tier 1 of these
procedures should include an
instantaneous measurement at the same
stations and times as biological samples
are collected. Tier 2 should include
measurement of DO in the early
morning at each station as a minimum.
Tier 3 should include DO collected along
a depth profile from surface to within 1-
m of the bottom at 1-m intervals. For
more detailed characterization of DO
conditions, particularly at sites which
may undergo hypoxia, recording DO
meters may need be deployed in Tier 3.
In any case, as the EMAP experiences
indicate, careful DO profiles should be
established for each region surveyed
before any presumptions about
community response are made.
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3.3.4 pH

Another important indicator of the
chemical condition of estuarine and
coastal marine waters is pH. In
estuaries, pH will usually be controlled
by the mixing of seawater solutes with
those in the fresh water inflow. A major
factor influencing the pH of estuarine
waters is the carbon dioxide solubility,
which is a function primarily of salinity
and secondarily of temperature.
Seawater is a very stable buffering
system containing excess bases, notably
boric acid and borate salts, carbonic acid
and carbonate. Surface seawater pH
usually ranges between pH 8.1 and 8.3.
River waters usually contain a lower
concentration of excess bases than
seawater; this shifts the carbonate
buffering system toward a higher
concentration of free carbon dioxide and
lower pH in the upper reaches of rivers.
Because fresh water inflow to estuaries
is typically much less buffered than
seawater, greater variation in pH is
observed in the less saline portions of
estuaries than near their mouths. The
range of pH values observed in the
upper reaches of estuaries can be 7.5 -
9.0.

Measurement of pH in estuaries and
coastal marine waters can provide an
indication of possible pollutant input
(e.g., releases of acids or caustic
materials) or high concentrations of
phytoplankton (due to photosynthesis
and respiration, pH varies inversely
with the free carbon dioxide
concentration and directly with DO).

3.3.5 Turbidity

The major component of turbidity in
estuaries is silt. The volume of silt
discharged into estuaries by streams and
rivers varies seasonally, with the
maximum discharge occurring during
the wettest months. Silt may also be

resuspended from sediments within
estuaries. Turbidity has two primary
effects in estuaries. First, light
penetration is reduced, which directly
affects primary production and
abundance of aquatic macrophytesin
the estuary. Second, settling of the
particulate matter can result in
deposition zones of mud, silt, other
sediments, and detritus. This deposited
material can cause changes in the
composition of benthic invertebrate
assemblages. For example, deposition of
mud and silt can result in the clogging
of gills of oysters and other filter-feeding
species and a loss of a hard substrate
required by these species. In coastal
areas, the deposition of silt in pockets of
uneven sandy bottom contributes to the
“patchy” distribution of benthic
invertebrate species, especially annelids,
amphipods, and isopods. Deposited
material can also contain particle-
adsorbed contaminants; this can result
in contaminated sediment "hot spots".

In contrast to these negative effects on
the benthic invertebrate assemblage,
turbidity can have positive effects on the
fish assemblage by increasing protection
from predators by reduced visibility.

Turbidity can be easily assessed (as light
penetration) using a Secchi disk, which
is probably the most widely used
method for estimating light penetration
(USEPA 1992). Secchi disks are easy to
use, the results are easy to interpret, and
they are suitable for estimating light
attenuation coefficients through the
water column. Secchi disk
measurements may vary somewhat
because of interpersonal differences in
visual acuity of observers, and,
therefore, caution must be exercised
when comparing Secchi disk readings
taken by different investigators.

If measurement of turbidity per se is
deemed necessary by a state, it may be
accomplished in situ by using a

3-12

Habitat Characterization



transmissometer or turbidimeter as part
of a CTD system. Nephelometry is the
preferred method for measuring
turbidity because it is more sensitive,
effective over a wider range of
turbidities, and less sensitive to particle
size variations than other methods
(USEPA 1992).

3.3.6 Nutrients

Nutrient fluxes are central in controlling
the primary and secondary production
of estuaries. Estuarine autotrophs (i.e.,
algae, diatoms, vascular plants) require
numerous macro- and micronutrients
and vitamins, including C, N, P, Si, S, K,
Mg, Na, Ca, Fe, Mn, Zn, Cu, B, Mo, Co,
V, thiamin, cyanocobalamin, and biotin
(Hutchinson 1967 cited in Day et al.
1989). Higher trophic levels are
influenced indirectly by nutrients
through their dependence on a
phytoplankton food base. Nitrogen,
phosphorus, carbon, and silicon (used
by diatoms) are the most studied of the
nutrients in estuaries and coastal marine
waters (Bricker and Stevenson 1996).
This guidance document focuses
particularly on nitrogen and phosphorus
as the two key, potentially limiting and
more manageable nutrients for the
autotrophic assemblages; i.e.,
macrophytes, phytoplankton, to be
incorporated in bioassessment
procedures. The measurement of water
column nutrient concentrations in Tiers
2 and 3 will aid in identifying possible
sources of biological impairment.
NOAA maintains a nationwide database
on eutrophication and toxic algae
blooms that can be cited to provide
water column information.

It is a basic tenet of botany that multiple
nutrients are necessary for plant growth,
and that a shortage of any single
nutrient will limit further growth. Thus,
estuaries are sometimes referred to as
“nutrient-limited.” This concept is

based on the finding that, under good
growth conditions, algae have a
relatively stable N:P atomic ratio of
about 15-16:1. This ratio is frequently
known as the Redfield ratio (Redfield
1958, Correll 1987, Malone et al. 1996).
The Redfield ratio is an approximation
and can vary depending on the stage of
algal cell division, changes in light
intensity or quality, or temperature
(Correll 1987). Even considering these
factors, measurement of nitrogen and
phosphorus concentrations in estuarine
and coastal marine waters provides a
useful benchmark for evaluating the
possible effects of increased loadings of
these nutrients. Nutrient limitations in
estuarine and coastal marine waters may
change seasonally in response to
temporal variations in nutrient loadings
in the watershed and in hydrologic
patterns. In the Chesapeake Bay,
phytoplankton appear to be P-limited
during spring when biomass reaches its
annual maximum and N-limited during
summer when phytoplankton growth
rates are highest (Malone et al. 1996). In
North Carolina estuaries, N-limitation
occurs across a trophic gradient of
highly productive (Pamlico), moderately
productive (Neuse), and less productive
systems (Beaufort, Morehead City area)
(Mallin 1994). Phosphorus may be co-
limiting in some of these areas during
portions of the year (Mallin 1994). In the
Florida Keys and adjacent Florida Bay,
LaPointe and Clark (1992) determined
that phosphorus is the primary limiting
nutrient, with nitrogen being co-
limiting. Smith and Hitchcock (1994)
concluded that phosphorus (and silica)
potentially limits phytoplankton growth
in the Louisiana Bight during winter-
spring, particularly at low salinities. In
late summer nitrogen may be limiting in
higher salinity waters of the Louisiana
Bight.

Nitrogen and phosphorus occur in
estuarine and coastal marine waters in
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many forms which can be variously
described in terms of oxidation state,
phase (solid-liquid-gas), chemical
structure, or analytical method.
Nitrogen forms are the most diverse,
with nitrogen compounds ranging from
NO, to NH, . Dissolved nitrogen
species that could be incorporated into
chemical analyses of this nutrient
include total dissolved N (TDN), and
dissolved inorganic nitrogen (DIN =
NH, + NO, + NO, ) (LaPointe and
Clark 1992). Nitrate concentrations are
typically controlled largely by external
inputs to estuarine and coastal marine
waters via land runoff. In some areas
(e.g., Chesapeake Bay) atmospheric
deposition may account for an
important fraction of the nitrogen load
to the water body (Dickerson 1995,
Boynton et al. 1995). Ammonia
concentrations are highest in waters
receiving large inputs of sewage (Day et
al. 1989). Dissolved organic nitrogen
(DON) can be calculated as TDN minus
DIN (LaPointe and Clark 1992).

Measurements of total dissolved P
(TDP) and soluble reactive phosphorus
(SRP) can be used to estimate dissolved
organic phosphorus (DOP = TDP - SRP)
(LaPointe and Clark 1992).

3.3.7 Contaminants

Measuring organic compounds and
metals is particularly important because
of the adverse effects they can have on
aquatic life and on human health and
recreation if these contaminants enter
the food chain. Sources of organic and
inorganic chemical contaminants
include direct release to the water body,
urban runoff, atmospheric deposition,
industrial and municipal discharges,
and upstream runoff (Velinsky et al.
1994, Wade et al. 1994). Organic and
metals contaminants in the water
column will usually be adsorbed onto
sediment particles, settle to the bottom,

and become a source of toxicity to
organisms and bioaccumulation to the
food chain. Contaminant analyses
should be tailored to the types of
substances known or suspected as
chemicals of potential concern at a site.
Chemical concentrations should be
compared to applicable sediment quality
guidance documents to aid in
interpretation and to provide an effort-
based assessment method. Results of
any toxicity tests conducted should be
compared against results from controls
and against statistical standards to
provide relative rankings. Chemical
analyses, toxicity tests, and benthic
analyses constitute the sediment quality
triad, originally proposed by Long and
Chapman (1985).

The Sediment Quality Triad approach,
(SQT) (Long and Chapman 1985,
Chapman et al. 1987, Long 1989,
Chapman 1996) can be used to assess
pollution-induced estuarine and coastal
marine system degradation (Schlekat et
al. 1994). In an analysis of sediment
metals concentrations from 497 sites in
Gulf of Mexico estuaries, Summers et al.
(1996) normalized metals concentrations
for extant concentrations of aluminum
to identify the concentrations expected
from natural sources versus
anthropogenic sources. Krumgalz
(1993) applied a “fingerprints” approach
to estuarine and coastal marine
pollutant source identification. This
approach assumes that if anthropogenic
pollutants in a particular area had
originated from the same source, then
pairwise relationships between the
concentrations of these pollutantsin
sediments from various sampling sites
in the contaminated area would be
linear. The correlations between
pollutants will depend on the origin of
the contaminants and on the patterns of
mixing contaminated sediments and
contaminants with “pure” sediment.
Thus, the “fingerprints” can be used to
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trace the distribution of contaminants
from a source, or conversely, to identify
potential sources.

3.3.8 Depth

Depth characterization is important for
evaluating DO, temperature and salinity
profiles, tidal regime consistency, and
the percent of the water column that is
photic. This may be especially
significant in coastal areas where
bathymetry changes can be great and
other potentially related distinctions
such as grain size are not as evident.

3.4 Bottom Characteristics

The SQT approach is generally the most
comprehensive assessment of relative
sediment quality. In this approach data
are collected to determine
concentrations of potentially toxic
chemicals in sediments, to measure the
relative bioavailability and toxicity of
sediment-associated toxicants with
laboratory bioassays, and to identify
degradation of resident infauna possibly
attributable to the contaminants.

Chemical data can be generated through
analyses of the bulk sediments and
compared to applicable sediment quality
guidelines (SQGs), proposed or
promulgated criteria or standards
wherever they exist, and relevant
sedimentological factors such as grain
size, total organic carbon, or aluminum.
Data analyses can be conducted to
identify both sites and chemicals of
potential concern. Chemicals of highest
potential concern are those in which
SQG or other applicable values were
exceeded most frequently and by the
largest amount. These chemicals also
would be expected to show strong
associations with measures of toxicity.
Moreover, chemicals of highest concern
may be those determined to be
bioavailable and bioaccumulative in

laboratory exposures (Chapman et al.
1988). If possible, historical data should
be used to focus the chemical analyses.

Toxicity data can be generated through a
battery of short-term tests performed
under the controlled environment of the
laboratory. Amphipod survival tests,
which are most frequently used in North
America, are done with exposures to
solid-phase sediments and percent
survival is measured after 10-days.
These acute tests often are accompanied
by tests of other sediment phases (e.g.,
pore waters and solvent extracts) with
sublethal endpoints (Long et al. 1996).
Data from the tests provide information
for ranking and prioritizing sampling
sites according to their potential for
causing adverse effects among resident
infauna. Confirmation of adverse effects
among the infauna must be done with
analyses of samples collected from the
same locations tested for chemical
concentrations and toxicity. Measures of
species richness, total abundance,
relative abundance of crustaceans
(particularly infaunal amphipods)
and/or other relatively sensitive taxa
provide information on the degree to
which resident biota have been
adversely affected. Chapman (1996)
provided useful guidance on the
interpretation of the SQT data.

Measurements of bottom characteristics
of estuaries and coastal marine waters
provide important data for interpreting
the condition of targeted biological
assemblages. Sediment grain size
influences the spatial distribution of
benthic macroinvertebrates and fishes.
Fine-grained sediments can adsorb
contaminants, creating a source of
potential impairment to bottom
communities. Organic carbon found in
these sediments can mediate the
concentrations of DO, organic
contaminants, and metals. Measuring
the depth of the sediment oxidation-
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reduction potential discontinuity layer
provides information on aerobic vs.
anaerobic respiration in sediments.
Sediment nutrients such as particulate
nitrogen and phosphorus can be re-
mobilized by physical disturbance or
changes in the water column chemistry
to become an additional nutrient source
leading to potential eutrophication,
phytoplankton blooms, and hypoxia of
estuarine and coastal marine waters.
Finally, sediment contaminant
measurements can provide insights on
factors that might limit biological
assemblages and lead to potential
human health effects.

3.4.1 Sediment Grain Size

The objective of measuring sediment
grain size is to detect and describe
spatial and temporal changes of the
benthic habitat. The availability of
sediment contaminants is often
correlated with sediment grain size
because more sediment contaminants
are adsorbed onto small grained
sediments due to their greater surface
area. Likewise, grain size information
may explain the temporal and spatial
variability in biological assemblages
related to an organism's ability to build
tubes, capture food, and escape
predation. Grain size data may be used
to determine the extent of or recovery
from environmental perturbations, to
evaluate the condition of benthic
habitats, and to assist in providing early
warnings of potential impacts to the
estuarine ecosystem (USEPA 1992).

The most common measurements and
classifications of sediment grain size are
as follows:

» clay < 0.004-mm

> silt 0.004 - 0.064-mm
» sand 0.064 - 1.0-mm

» gravel >1.0-mm

3.4.2 Total Organic Carbon, Total
Volatile Solids, and Acid
Volatile Sulfides

Total organic carbon (TOC) and acid
volatile sulfides (AVS) are considered by
some to be the most important sediment
properties determining the
bioavailability and toxicity of certain
organic compounds and trace metals in
sediments (DiToro et al. 1990, DiToro et
al. 1991). The importance of these
factors is based on an equilibrium
partitioning approach. This approach
assumes that the bioavailable fraction of
chemicals in sediment is correlated to
that fraction in the porewater rather
than whole sediment concentrations.
Therefore, factors that influence the
partitioning of compounds between
sediment and porewater will govern
bioavailability. In addition, it is
assumed that equilibrium exists among
the phases (hence, the name
“equilibrium partitioning”). For non-
ionic hydrophobic organic chemicals,
the primary factor influencing
partitioning is TOC; for certain divalent
cationic metals; i.e., cadmium, copper,
nickel, lead, zinc, an important binding
phase is the acid volatile sulfide fraction.
The development of sediment quality
criteria by USEPA is based on these
assumptions and a comparison of
predicted porewater concentrations to
existing water quality criteria (DiToro et
al. 1991, Ankley et al. 1996).

Normalization of non-ionic organic
compounds is accomplished by
calculating chemical concentrations per
gram of sediment organic carbon rather
than per gram of dry sediment. This
approach allows comparisons of the
potential bioavailability of non-ionic
organic compounds across different
sediment types and can be used to
screen for chemicals of concern. For an
explanation for how to apply this
approach to calculate sediment quality
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criteria the reader is referred to DiToro
et al. (1991).

Although SQGs (Sediment Quality
Guidelines) derived for organic
compounds and trace metals reported
on a dry weight (bulk) basis have been
shown to be reliable and predictive of
both non-toxic and toxic conditions
(Ingersoll et al. 1996, MacDonald et al.
1996, Long et al. 1998a); these values do
not account for the relative
bioavailability of sediment-associated
chemicals. In areas in which high trace
metal concentrations are known or
suspected, or in which SQGs are
exceeded, further evaluations of
chemical contamination may be aided in
subsequent analyses by use of the
simultaneously extracted metals/acid
volatile sulfides (SEM/AVS) tool to
provide estimates of bioavailability.

The AVS normalization approach
assumes that select trace metals bind to
sediment sulfide, specifically the sulfide
fraction soluble in cold acid, known as
AVS (Allen et al. 1993). The
bioavailability of trace metals capable of
forming insoluble metal sulfides will be
determined by the proportion of these
metal ions not bound to sulfide. Hence,
on a molar basis, if the concentration of
SEM is less than the molar concentration
of AVS, all of the metals should
precipitate as metal sulfides and not be
bioavailable. Conversely, if SEM
exceeds AVS then free metal ions may
exist in the porewater. This approach
appears to work best in situations when
the ratio of [SEM]/[AVS] is less than 1.0
or the difference between SEM and AVS
concentrations is less than 0.0 (Hansen
et al. 1996). That is, the SEV/AVS tool is
primarily intended for use as a no-
effects tool and caution is advised in
using it as a predictor of toxicity or other
effects. Long et al. (1998b) reported that
the SEM/AVS tool and SQGs based
upon bulk sediment chemistry for trace

metals performed equally well in
correctly predicting samples as either
toxic or non-toxic. For an excellent
discussion of the applicability,
advantages and disadvantages of this
approach, the reader is referred to
several review papers in Environmental
Toxicology and Chemistry, Volume 15,
#12.

3.4.3 Sediment Oxidation-Reduction
Potential

There are four oxidation-reduction
(redox) processes related to biological
respiration that occur in benthic
sediments. These chemical reactions,
which depend on the availability of
electron acceptors; i.e., oxygen, nitrate,
sulfate, and carbonate, stratify the
sediments into four zones. Oxygen is
the electron acceptor used for aerobic
respiration and is the most important
oxidizing agent at the surface of the
sediments. Nitrate reduction occurs
between 0- and 4-cm and produces
elemental nitrogen. This is followed by
sulfate reduction which produces
hydrogen sulfide. Carbonate reduction
occurs between 10- and 50-cm and
results in the production of methane.

Aerobic respiration will be the dominant
reaction as long as oxygen is available.
The depth at which oxygen is fully
depleted and the redox potential goes to
zero has been termed the redox potential
discontinuity (RPD) layer (Day et al.
1989). Burrowing organisms oxidize the
sediments and hence will increase the
zone of habitability as reflected in the
depth of the RPD layer. Color changes
in the substrate occur as a result of the
oxidation and reduction of metals, such
as iron, in the sediments. The upper few
centimeters may appear brown from the
formation of iron oxides and
hydroxides, whereas the zone of
reduction turns gray and eventually
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black in the deeper sediments from the
formation of ferrous sulfide and pyrite.
When examining a cross-section of a
sediment core sample, the RPD layer is
visibly noticeable by this change in
color. The depth of this color change
should be recorded because, as noted
above, it indicates the zone of
habitability for benthic infauna. The
closer to the sediment surface this color
change appears, the less available
dissolved oxygen exists in the sediment
porewater.

3.4.4 Sediment Contamination

Sampling the surface sediments for the
presence of contaminants can provide
insight on factors limiting the benthic
community, as well as the potential for
impacts to human health; i.e., by
biomagnification or bioaccumulation in
the food chain or by the contamination
of shellfish. Metals and organic
chemicals entering estuaries from fresh
water inflows, point sources of
pollution, and various nonpoint sources,
including atmospheric deposition,
generally are retained within estuaries
and accumulate within the sediments
(Forstner and Wittman 1981, Hinga
1988, Nixon et al. 1986, Schubel and
Carter 1984, Turekian 1977) because of
the affinity of most contaminants for
particle adsorption (Hinga 1988;
Honeyman and Santschi 1988).
Chemical and microbial contaminants
generally adsorb to fine-grained
materials in the water and are deposited
on the bottom, accumulating at
deposition sites, including regions of
upper tidal fresh water, low current
velocity, deep basins, and the zone of
maximum turbidity in the upper reaches
of estuaries within which suspended
sediment concentrations are greater than
those either farther upstream or farther
seaward (Schubel and Carter 1984). The
concentration of contaminants in
sediments is dependent upon

interactions between natural (e.g.,
chemical and physical sediment
characteristics) and anthropogenic
factors (e.g., type and volume of
contaminant loadings) (Sharpe et al.
1984).

Bottom sediments in some estuaries
(e.g., harbors near urban areas and
industrial centers) are so contaminated
that they represent a threat to both
human and ecological health (NRC 1989,
OTA 1987, Weaver 1984), but
contaminated sediments are not limited
to these areas. Pollutant runoff from
agricultural areas also is an important
source of contaminant input to estuaries
(Boynton et al. 1988, Pait et al. 1989).

The EMAP program uses the NOAA
National Status and Trends (NS&T)
suite of contaminants as the basis for
measurements in homogenized
subsamples of collected sediments
(Figure 3-1). A useful citation for the
NS&T Program list of chemicals is
O’Connor et al. 1994. The NOAA suite
includes chlorinated pesticides,
polychlorinated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHS),
major elements, and trace metals.

3.5 Proposed Habitat

Parameters

Table 3-1 summarizes the proposed
habitat measurements by survey tier and
provides possible sources of
information, methods, and equipment,
as appropriate. Agency-specific
objectives will determine the overall
design of any sampling program. The
following tier distribution is just one
approach possible for gathering and
organizing data. Habitat measurements
are intended to be cumulative across
tiers; that is, the desktop screening of
Tier 0 should be incorporated into Tier 1,
Tiers 0 and 1 parameters should be
incorporated into Tier 2, and Tiers 0, 1,
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Polyaromatic Hydrocarbons

Chlorinated pesticides other than DDT

(PAHSs)

Acenaphthene
Anthracene
Benz(a)anthracene
Benzo(a)pyrene
Benzo(e)pyrene
Biphenyl

Chrysene
Dibenz(amh)anthracene
2,6-dimenhyulnaphthalene
Fluoranthene
Fluorene
2-methylnaphthalene
1-methylnaphthalene
1-methylphenanthrene
Naphthalene

Perylene
Phenanthrene

Pyrene
Benzo(b)fluoranthene
Acenaphthlyene
Benzo(k)fluoranthene
Benzo(g,h,i)perylene

Major Elements
Aluminum

Iron
Manganese
Silicon

Trace Elements
Antimony
Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Silver

Tin

Zinc

DDT and its metabolites

o,p'-DDD
p,p'-DDD
o,p'-DDE
p,p'-DDE
0,p'-DDT
p,p'-DDT

Aldrin
Alpha-Chlordane
Trans-Nonachlor
Dieldrin

Heptachlor

Heptachlor epoxide
Hexachlorobenzene
Lindane (gamma-BHC)
Mirex

18 PCB Congener

Congener  Location

Number of Cls

8 2 4

18 2 25

28 2 4 4

52 2 225 5

44 2 23 5%

66 2 3 4 4

74 2 4 45

99 2 274 45

101 2 224 5 5%

118 2 34 45

153 2 2274 45 5

105 2 3 3 4 4

138 2 223 4 45

187 2 223 45 5 6
128 2 223 344

180 2 223 4 455
170 2 223 3 4 45
195 2 223 3 4 456
206 2 223 34 455
209 2 223 34 455

Other measurements
Tributyltin

Acid volatile sulfides
Total organic carbon

Figure 3-1

Chemicals
measured in
sediments by
the EMAP-
Estuaries
program.
Refer also to
the NS&T
Program list of
chemicals
(O’Connor et
al. 1994).
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and 2 parameters should be
incorporated into Tier 3. The habitat
tiers described here should be used with
the corresponding biological survey tier.

3.5.1 Tier0

The purpose of a Tier 0 assessment is to
support the planning for monitoring and
more detailed assessments. Tier 0 isa
desktop screening assessment in which
documented information for the estuary
or coastal marine areas of concern is
compiled from sources including
databases, peer-reviewed and gray
literature, state and federal agencies,
universities, and local experts. A Tier 0
assessment should always precede any
of the three subsequent tiers.
Examination of long-term data records
(e.g., salinity, DO, climate) is
particularly important for identifying
the variability which must be accounted
for in the design of subsequent field
monitoring. Habitat parameters to
examine in Tier 0 include:

Area and Geomorphometric
Classification

The size and classification of an estuary
indicates its potential to respond to
various impacts. Estuary types include
coastal plain, lagoon, fjord, and
tectonically-caused. Circulation type
(e.g., gravitational, tidal, wind-induced)
influences current patterns, salinity
regimes, and thermal and dissolved
oxygen patterns.

Habitat Type

Identifying and delineating the various
habitat types (Section 3.3) that occur in
the estuary or coastal marine waters will
be necessary for partitioning the natural
variability in the system. The extent of
such a delineation will depend on the
size of the area of concern and the
nature of the environmental gradients

present. Initial partitioning will
probably be based on salinity, sediment
type, and depth.

Watershed Land Use and Population

Land use and population data for the
watershed will help to identify classes of
contaminants and other stresses that
may affect the water body. For example,
agricultural areas located near an
estuary might be expected to be sources
of nonpoint loading of nutrients,
pesticides, herbicides, and sediment.
Urban areas may contribute toxic
compounds via stormwater runoff. The
pattern and magnitude of population
density in the watershed can potentially
provide clues regarding the potential for
human-induced impacts to the water
body.

Water Column and Bottom
Characteristics

Historic data on water column and
bottom characteristics is central for
identifying system variability and to
support the design of subsequent
monitoring. This data can also be used
by states to identify types and locations
of potential impairment, for example,
areas with high concentrations of water
column nutrients, suspended sediment,
or sediment contaminants.

3.5.2 Tier1

Tier 1 is a basic field assessment that is
used for screening purposes to identify
potential reference and impaired sites.
For biocriteria development purposes, it
is adequate for only rudimentary habitat
classifications and evaluations. It
identifies the general physical
characteristics of the estuary or coastal
region, the habitats, and the potential
sources of anthropogenic stress. Tier 1
relies heavily on existing information
identified in Tier 0 and supplemented
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by one-time easily-measured field
parameters, which are measured
concomitantly with the collection of
biological data. Much of the habitat
information needed in this tier can be
acquired from state or federal agency
records. Depending on the needs of the
state, Tier 1 habitat characterizations
may include the following elements:

Estuary Characteristics

Information on estuary characteristics is
essential for the development of
appropriate sampling strategies. Datato
be compiled in this category includes
estuary area, geomorphometric
classification (e.g., classical coastal plain
estuary, lagoon), and habitat types
present (e.g., hard bottom, soft bottom).
These data can be obtained from USGS
maps, NOAA charts, and reports and
data archives at federal and state
agencies and universities.

Watershed Characteristics

Knowledge of watershed characteristics
can provide important information for
determining appropriate sampling
station locations and for evaluating
possible sources and causes of biological
and habitat impairment. Data to be
compiled for this category include
watershed land use, human population
density, NPDES discharge locations, and
vegetative cover. These data are likely
to exist at federal, state, and local
agencies and universities.

Water Column Characteristics

The characteristics in a water column
play a key role in determining the biota
present at a given location and their
broader distribution patterns.
Parameters to be measured in Tier 1 in
the field include salinity and
conductivity, DO, temperature, pH,
turbidity and Secchi depth. Records of

tidal stage and current velocity at the
time of sampling at each station should
be acquired from NOAA.

Bottom Characteristics

Characteristics of bottom sediments also
are key determinants of aquatic biota
present in estuaries and coastal marine
waters. Parameters to be measured in
Tier 1 include depth, dominant sediment
type, total volatile solids, and sediment
RPD layer depth.

3.5.3 Tier2

Tier 2 provides the information
necessary to develop a quantitative
ranking of the sites that can be used to
prioritize resources and sampling
efforts. Habitat information collected in
Tier 2 will be used in the development
of biocriteria. In addition to Tier 1
habitat characterization, Tier 2 includes:

Water Column Nutrients

Nutrients in the water column
determine the nutrient state of the area
and may indicate possible sources of
impairment, particularly nonpoint
source runoff.

Sediment Characterization

The organisms closely associated with
the bottom are strongly influenced by
such sediment characteristics as the
average grain size and the percent
composition of silt, sand, and clay (Day
et al. 1989). These characteristics
determine the structure of the benthic
community based on the preferences of
the major groups of organisms. For
example, suspension feeders are found
more often in firmer, sandier substrates
than are deposit feeders; interstitial
meiofauna are predominant in sandy
areas, whereas burrowing meiofauna
prefer silty mud. Although a high
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organic content in the sediments can
increase the rate of oxygen depletion,
there are many organisms that require
high concentrations of organic matter.
Sediment characteristics to be measured
in Tier 2 include percent sand vs. silt-
clay, mean grain size, total volatile
solids, and total organic carbon.

Shorezone Vegetative Cover
Characterization

Shorezone vegetation provides stability
for beaches, wetlands, banks, and cliffs,
serving to reduce erosion and nonpoint
source runoff to the water body. As
such, evaluation of shorezone vegetative
cover is important for identifying
possible sources of impairment and
remedial approaches. Terrestrial
riparian vegetated areas to consider are
uplands and the floodplain. Areas of
emergent, intertidal, and submerged
vegetation should also be characterized.

Shorezone vegetative cover is important
for reducing nutrient and sediment
loading to estuaries from nonpoint
source runoff, attenuating incident wave
energy and reducing shore erosion, and
providing important nursery and
feeding habitat for migratory species.
Salt marshes and aquatic macrophytes
have high gross primary productivity
and provide a source of autochthonous
organic matter for detrital feeders in
adjacent waters. An assessment of the
coverage and types of shorezone
vegetation can contribute to the overall
assessment of the condition of estuarine
and coastal marine habitat. Evaluation
of vegetative cover is most easily
accomplished by aerial photography
and mapping coupled with ground-
truthing. Detailed procedures used for
photography and mapping aquatic
macrophytes are provided by Orth et al.
(1993) (Chesapeake Bay), Ferguson and
Wood (1994) (North Carolina estuaries),
and USEPA (1992) (National Estuary

Program) and can be adapted for use in
other areas.

3.5.4 Tier3

Tier 3 provides a detailed assessment
with a high level of certainty of the
biological or habitat condition of the
estuarine and coastal marine
environment. It is the definitive
assessment level to distinguish habitat
variation from anthropogenic impacts
when the biocriteria have been
exceeded. Tier 3 focuses on biological
community level investigations and
thoroughly integrates the physical,
chemical and biological data to yield a
detailed impact assessment. In addition
to the habitat parameters compiled in
Tier 0 and measured in Tiers 1 and 2,
sediment oxidation-reduction potential,
sand/silt/clay proportions, sediment
contaminants, and water column
pesticides, herbicides, and metals,
nutrient speciation, and AVS/SEM as
needed may be measured in this tier.

Tier 3 provides the detailed diagnostic
information necessary for: (1)
identifying specific problem sources in
the drainage area; (2) delineating
mitigation options for the identified
problems; and (3) preparing written
management plans for the estuary or
coastal marine area of interest.
Although the data collected in Tier 3
cannot prove cause-and-effect
relationships between identified
stressors and ecosystem responses, they
can provide a strong correlation and a
definitive assessment, with a high
degree of certainty, of the biological
integrity of the target waters and their
habitats.
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Table 3-1.

Habitat measurements for estuaries and coastal marine waters.

Habitat
Measurements

Assessment Tier

0 1 2 3

Information Source

Method(s) and
Equipment

Historical Information

Estuary area

4N AN A 4

USGS quad maps

Can be estimated from
maps or using GIS

Geomorphometric
classification
(classical coastal
plain estuary; salt
marsh estuary;
lagoon; fjord;
tectonically-caused
estuary)

A AN AN

USGS quad maps

Habitat type
(seagrass beds; hard
bottom; soft bottom;
water column;
emergent marsh;
mudflat; sandflat;
gravel/cobble; rocky)

NOAA bathymetry
charts; historic surveys
by federal, state
agencies and
universities

Watershed land use

USGS land use maps;
state planning
agencies; local zoning
agencies

Can be estimated from
maps or using GIS

Population density

US census data

NPDES discharges

State water quality
agency

Vegetative cover

Historic surveys by
federal, state agencies
and universities

Can be estimated from
maps or using GIS

Field-collected Information:

Water Column Characteristics

Salinity, conductivity

AV vV

Historic data from
federal, state agencies
and universities

Conductivity cells
(CTD meters)

federal, state agencies
and universities.

DO v*| v | v | v | Historic data from CTD meter equipped
federal, state agencies | with O, probe,
and universities recording DO meters
for Tier 3 may be
needed
Temperature v/ v v | Historic data from CTD meter, satellite
federal, state agencies | remote sensing.
and universities
pH v*| v | v | v | Historic data from CTD meter equipped

with pH probe
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Table 3-1 (Cont’d).

Habitat measurements for estuaries and coastal marine waters.

Habitat Assessment Tier Information Source Method(s) and
Measurements Equipment
0 1 2 3
Turbidity, Secchi VA 4 v v | Historic data from Secchi disk;

depth

federal, state agencies
and universities

transmissometer,
nephelometer,
turbidimeter if desired

Nutrients (nitrogen v v v | Historic data from Spectrophotometry
species, federal, state agencies

phosphorus) and universities

Organics, metals Ve v/ | Historic data from Standard methods for

federal, state agencies
and universities

selected suite of
contaminants

Field-collected Information: Bottom Characterist

ics

Depth

4N A AN A

Historic data from
federal, state agencies
and universities

Meter wheel,
fathometer,
hydrostatic pressure
sensor

Sediment grain size

Historic data from
federal, state agencies
and universities

Sieving or separatory
column combined with
pipette analysis for
silt-clay fraction

Total volatile solids

4N A AN A

Historic data from
federal, state agencies
and universities

Standard methods

Total organic carbon | /* v | v | Historic data from Standard methods
federal, state agencies
and universities

Acid volatile sulfides Ve v | Historic data from Standard methods

federal, state agencies
and universities

Sediment reduction-
oxidation potential

AV

Historic data from
federal, state agencies
and universities

Visual determination
of the depth of change
in sediment color in
core

Sediment
contamination

v 4

Historic data from
federal, state agencies
and universities

Standard methods for
contaminants selected

*

Historic data should be included in Tier 0; the tier does not include any field collection of

new data.
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Chapter 4
Physical Classification and

the Biological Reference
Condition

Estuaries and coastal marine waters
span a range of spatial scales from small
subestuaries, embayments, and coastal
lagoons to large estuaries (e.g.,
Chesapeake Bay, Puget Sound) and
open coastal waters. The procedures
described in this document rely on a
spatial hierarchy to accommodate the
potentially large range of water bodies
that states may assess. The top level in
the hierarchy is a geographic region
containing comparable landform and
climate. The provinces used by the
EMAP-Estuaries program (e.g.,
Carolinian, Columbian) are examples of
this hierarchical level. The next level
consists of individual watershed
characteristics. Key attributes to
consider at this level include land cover,
the watershed-to-basin area ratio, and
the geology and soils of the watershed.
Examples of the use of this hierarchical
level in estuarine assessment are the
Chesapeake Bay watershed, New Jersey
coastal bays, or California saline
lagoons. The lowestlevel in the
hierarchy considers habitat
characteristics. As discussed in Chapter
3, the three primary variables used to
partition spatial heterogeneity at this
level are sediment grain size, salinity,
and water depth. Description of
sampling sites as “low mesohaline,
mud” or “10-m depth, gravel” would be
examples of this level of the hierarchy.

Reference conditions are expectations of
the status of biological communities in
the absence of anthropogenic
disturbances and pollution, and are
usually based on the status of multiple
reference sites. Ideally, reference sites

are minimally impaired by human
pollution and disturbance. The care that
states use in selecting reference sites and
developing reference condition
parameters, together with their use of
standardized survey techniques, will
directly influence the quality of the
resulting water body assessment. Ata
minimum, reference conditions should
be identified for each of the estuary and
coastal marine classification categories
developed by a state.

Reference conditions reflect the biotic
potential for estuaries and coastal
marine waters if they are not impaired
by human activity or pollution.
Attainment of an aquatic life designated
use is evaluated against the reference
condition as a key element in the
biocriteria for that aquatic life use.
Biocriteria may be set higher than the
best conditions observed in the data
available for an area that is highly
impaired. In this instance, interim,
incremental criteria may be established
as the regional authority works on
environmental recovery.

4.1 Classification Approach

The biological reference condition must
be determined separately for each
estuarine or coastal marine physical
class. Assessing biological condition
requires reference conditions for
comparison and for development of
models and indexes to help establish
biocriteria and detect impairment.
There is no single "best" classification
nor are resources available to determine
all possible differences between all
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estuarine and coastal marine sites in a
region. The key to classification is
practicality within the region or state in
which it will be applied; i.e., local
conditions determine the classes.
Classification will depend on regional
experts familiar with the range of
estuarine conditions in a region as well
as the biological similarities and
differences among the assessment units.
Ultimately, physical classification may
be used to develop a predictive model of
those estuarine and coastal marine
characteristics that affect the values of
the biological metrics and indexes at
reference sites.

The regional differences in estuarine and
coastal marine biological communities
across the United States must be
accounted for in the development of a
biological criteria program. These
differences can be identified by
comparing the biology of water bodies
of interest to a reference condition. As
biological conditions change across the
country, the reference conditions will
also change. To account for the regional
geographic differences that create
structural differences in biological
habitat (either natural or human-
induced), states should classify estuaries
and coastal marine waters or segments
thereof into groups. A reference
condition should be established for each
of these classification groups. Biotic
index comparisons can then be made
within each classification group and
inappropriate biological comparisons
between different classes will be
precluded. Moreover, the aquatic life
expectations of water bodies are
tempered by realistic expectations. With
biological systems, it is not possible to
set uniform, nationwide numeric
biological criteria.

Estuaries vary widely in size, shape, and
ecological and physical characteristics,
and a single reference condition that

applies to all estuaries (or coastal marine
waters) would be inappropriate. The
purpose of classification is to group
similar estuarine or coastal marine sites
together; i.e., to prevent the comparison
of apples and oranges. Classifying the
variability of biological measures within
groups inevitably requires professional
judgment to arrive at a workable system
that separates clearly different systems,
does not consider each estuary or
subestuary a special case, and does not
lead to the proliferation of classification
groups. The intent of classification is to
identify the smallest number of groups
of estuarine or coastal marine categories
that under ideal conditions would have
comparable biological communities for
that region. As much as possible,
classification should be restricted to
those characteristics of estuaries and
coastal marine waters that are intrinsic,
natural, reasonably stable over time, and
not the result of human activities.

The approach to reference condition
characterization and classification is
illustrated in Figure 4-1. An idealized
biological potential for estuarine sites is
expressed, for instance, by a fish index
and an infaunal index, each within a
certain range of values (Figure 4-1). A
test site is compared to the expected
ranges of values, and if its indexes are
outside those ranges, it is judged as not
meeting expectations to some degree.
Test sites are usually not compared to a
theoretical ideal, but to biological
criteria derived from a population of
reference sites. Test sites are judged as
not meeting the criterion if they are
beyond some predetermined limit of the
distribution of reference values.
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Figure 4-1
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A population of reference sites might
consist of sites which overlap different
classes of estuarine or coastal marine
waters (Figure 4-2). A useful
classification system in this instance
separates these reference sites into
classes with different biological
expectations. The classification itself
must be based on abiotic information
that is minimally affected by human
activities (e.g., ecoregion, estuary and
coastal marine physical characteristics,
basin characteristics), such that test sites
can be assigned to one of the classes
before any biological information is
obtained. Furthermore, the
classification must explain biological
variability in the reference sites (Figure
4-2). Separation into classes then lowers
inherent variation and allows greater
precision in assessing test sites. If test
site "a" in Figure 4-2 is a member of class
II, it would be judged as not meeting
reference expectations. If, however, the
physical classification were not done,
site "a" would be judged to meet
reference expectations because it is
within the limits of all reference sites.

Sequence of Classification and
Characterization

The general sequence of reference
condition characterization is to first
make a preliminary physical
classification of estuaries and coastal
marine areas within a region (Conquest
et al. 1994). Because of natural variation
among and within estuaries and coastal
marine waters, reference conditions will
likely differ with geographic regions,
major salinity zones, depth profiles, and
bottom sediment types. Following
classification, reference conditions are
characterized using some combination
of reference sites, historical data, expert
opinion, and empirical models. A key
element is the use of reference sites
because they represent realistic,
achievable goals and can be regularly
monitored. Historical data and well-
documented expert opinion should be
used to evaluate the information
developed from the reference site data
and possibly from empirical models.
The preliminary classification is
reconciled with the biological data to
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Figure 4-2
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ensure that the final classification is
meaningful and the reference conditions
are properly characterized. The
remaining sections of this chapter cover
physical classification, elements of
reference condition characterization, and
use of reference sites. The reference site
database should be periodically
reviewed as data accumulate to ensure
consistency of the reference
characterization and classification
scheme.

4.2 Physical Classification
This protocol is not intended to develop
a classification scheme applicable to the
entire United States. Classification
within the broad estuarine categories
described in Section 3.1 must be
regional, and regional expertise must be
used to determine those classification
variables which are useful in each
region.

A useful classification scheme is
hierarchical, beginning at the highest
(regional) level and stratifying only as
far down as necessary (Conquest et al.
1994). The procedure is to classify
estuaries and coastal marine waters by

geographic regions and then to increase
the stratification in the classification
hierarchy to a reasonable point for each
given region. Although several possible
classification levels are outlined below,
in practice, one to three relevant levels
would be entirely sufficient.
Classification should avoid a
proliferation of classes that do not
contribute to assessment. The proposed
hierarchical scheme below applies to
both estuarine and coastal marine
waters.

4.2.1 Geographic Region

The geographic region, be it ecoregion,
physiographic province or other
delineation, determines landscape-level
features for classification such as:
climate, topography, regional geology
and soils, biogeography, and broad land
use patterns. Ecoregions are based on
geology, soils, geomorphology,
dominant land uses, and natural
vegetation (Hughes and Larsen 1988,
Omernik 1987) and have been shown to
account for the variability of water
quality and aquatic biota in several
freshwater areas of the United States.
Seventy-six ecoregions were originally
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identified in the conterminous United
States (Omernik 1987); but recent
refinements have yielded a greater
resolution for some areas.

It should be noted that many of the
characteristics that can be used as
classification variables are often
subsumed by the geographic region. For
example, watersheds are often similar
within major geographic regions, having
resulted from the regional
geomorphology. Within such regions, it
might be sufficient to classify using only
morphology such as depth, area, or
bathymetry. Examples are the coastal
bays of the Delmarva peninsula or the
sounds behind North Carolina's Outer
Banks.

The EMAP-Estuaries program uses
biogeograpical provinces, defined by:
major climatic zones and prevailing
ocean currents. EMAP coastal areas in
the continental United States are
encompassed within seven provinces
described as Acadian, Virginian,
Carolinian; West Indian; Louisianian;
Californian; and Columbian (Figure 4-3)
(Holland 1990). These roughly
approximate the traditional descriptors
of New England, Mid-Atlantic Bight,
Southeast Coastal, Caribbean, Gulf
Coastal, Southwest, and Northwest
Pacific Coast. For strictly coastal waters,
this may be a sufficient level of
classification.

4.2.2 Estuarine Categories

Estuaries can be categorized into four
major classes based on their
geomorphology: (1) coastal plain
estuaries (Chesapeake Bay; Cape
Canaveral, FL), (2) lagoons (Pamlico
Sound, NC), (3) fjords (Puget Sound),
and (4) tectonically-caused estuaries
(San Francisco Bay) (Day et al. 1989).
While these classifications appear to be
large scale in nature, they can be used to

make initial divisions of estuaries on a
regional scale.

There are two types of coastal plain
estuaries: classical and salt marsh. The
classical coastal plain estuary is
sometimes referred to as a "drowned
river valley." These estuaries were
formed during the last eustatic rise in
sea level and they exhibit
geomorphological features similar to
river channels and floodplains. The salt
marsh estuary lacks a major river source
and is characterized by a well-defined
tidal drainage network, dendritically
intersecting the extensive coastal salt
marshes (Day et al. 1989). Exchange
with the ocean occurs through narrow
tidal inlets which are in a constant state
of flux. Consequently, salt marsh
estuarine circulation is dominated by
fresh water inflow and the tides.

Lagoons are characterized by narrow
tidal inlets and uniformly shallow; i.e.,
less than 2-m deep, open water areas.
The inlets are created by the erosion of
the narrow Pleistocene ridge that
formed along the coast some 80,000
years ago during the interglacial stage
(Day et al. 1989). Lagoons are primarily
wind-dominated and they have a
subaqueous drainage channel network
that is not as well-drained as the salt
marsh estuary.

Classical fjords, formed during the last
ice age, are river valleys that were
carved out by the leading ice edge of
advancing continental glaciers. When
the glacier receded, large rock deposits
were left behind where the leading edge
had stopped. Others are also a result of
glacial scouring of the coast; however,
these estuaries were formed in regions
with less spectacular continental relief
and more extensive continental shelves,
therefore they are much shallower than
typical fjords.
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Figure 4-3
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Tectonically-caused estuaries are created 4.2.4 Waterbody Characteristics
by faulting, graben formation, landslide,

or volcanic eruption. They are highly The third level of the classification
variable and they may resemble coastal hierarchy focuses on waterbody
plain estuaries, lagoons, or fjords. characteristics. Attributes that are

considered at this level include
4.2.3 Watershed Characteristics waterbody morphology,

hydrodynamics, and water quality.
Watershed characteristics affect estuary Each of these factors has a direct

and coastal marine hydrodynamics, influence on the biota present in the

sediment and nutrient loads, chemical waterbody.

and metals contaminant loads, and

dissolved solids. Watershed Morphological Characteristics

characteristics that may be used as

classification variables include: Morphological characteristics of the

estuary or coastal marine waters

» Land cover - extent of natural influence hydrodynamics and system

vegetation; responses to pollution. Morphological

characteristics include:
» Watershed-to-estuary area ratio;

» Depth (mean, maximum);
» Soils, geology (erosiveness of soils),
and topography. » Bathymetry - three-dimensional
bottom profile;

» Surface area;
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» Bottom type and sediments -
substrate and grain size.

Hydrodynamics
Hydrodynamics forms a basis for water
quality. Mixing and circulation patterns
influence nutrient retention and the

development of hypoxia.

Hydrodynamic factors include:

v

Retention time;

» Stratification and mixing;

» Currents - speed and direction;
» Tidal range;

» Altered inflow to the waterbody,
such as increased or decreased
freshwater inflow from runoff or
diversions.

Water Quality

As noted above, many water quality
characteristics are relatively uniform
within a region because they are the
result of common regional, watershed,
and hydrodynamic characteristics.
Although water quality variables might
be redundant for a classification scheme
if regions are the primary classification
variable, it is frequently convenient to
subclassify according to water quality.
An example is the practice of sub-
dividing estuaries along their gradient
into oligohaline, mesohaline, and
polyhaline regions (see Figure 4-4 for an
example of such a delineation). Water
quality variables useful for classification
are:

» Salinity and conductivity;
» Turbidity (Secchi depth);

» Dissolved oxygen (DO);

» pH.

Human actions (e.g., discharges, land
use, freshwater flow diversions) alter
water quality, especially sediment and
nutrient concentrations, but they can
also affect salinity, conductivity,
turbidity, DO, and pH. Therefore, care
must be taken that classification
according to characteristic water quality
reflects natural conditions and not
anthropogenic impacts. For example, if
estuarine sites are highly turbid due to
poor land management practices in the
watershed, they should not be classified
as highly turbid. Instead, they should
be classified according to the turbidity
class they would have had in the
absence of poor land use.

4.3 Establishing Biological

Reference Conditions

Estuarine and coastal marine reference
conditions should be established using
some combination of four elements: (1)
evaluation of historical data; (2)
sampling of reference sites; (3)
prediction of expected conditions using
models; and (4) expert consensus. Each
element has its inherent strengths and
weaknesses (Table 4-1) that states must
consider relative to their program needs,
available data, and staff expertise.

4.3.1 Historical Data

In many cases, historical data are
available that describe past biological
conditions in the region. For the
purpose of this document, historical
data are datasets collected by programs
that are no longer active; in many cases
using methods now superseded by other
methods. Careful evaluation of these
data provides insight about past and
potential community composition of
estuarine and coastal marine waters and
is an important initial phase in the
biocriteria development process.
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Figure 4-4
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Review of historical data collected in
these waters is helpful for establishing
potential sample sizes based on the

variability in the record. These records

are usually available in the published
literature, natural history museums,

college and university departments, and

federal and state agencies. Caution
should be exercised in using this
information because some biological

surveys occurred at impaired sites, may

have used incompatible sampling
methods, inappropriate or inadequate

QA /QC procedures, were insufficiently
documented, or had objectives markedly
different from biocriteria determination.

While important for establishing
perspective with respect to current
reference site data, historical

information alone should not be used to
establish precise reference conditions.

4.3.2 Reference Sites

Reference sites refer to locations within
a classification category at which data
are collected to represent the most
natural ambient conditions present. The
biocriteria approach generally uses this
population of reference sites to establish
the collective reference condition that
will in turn be used for comparisons of
metrics and test sites. Reference sites in
estuaries and coastal marine waters
include either sites that are distant from
point and nonpoint sources and may be
applied to a variety of test sites in a
given area, or sites that occur along
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Table 4-1. Comparison of elements for characterizing reference conditions (adapted from

USEPA 1998b).

Historical Data Prgsigrc’té?’ay Predictive Models Expert Consensus
Yields actual Yields obtainable, When sufficient Relatively inexpensive.
historical best present status. data are not
o | information on available. Can be better applied
£ | status. to biological
> Any assemblages or assemblages than
@ | Inexpensive to communities Work well for water models.
& | obtain. deemed important quality.
can be used. Common sense and
experience can be
incorporated.
Data might be Even best sites Community and May be qualitative
limited. subject to human ecosystem models descriptions of "ideal"
impacts. not always reliable. communities.
Studies likely
were designed Degraded sites might | Extrapolation Experts might be
8 | for different lower subsequent beyond known data | biased.
@ | purposes; data biocriteria. and relationships is
o might be risky.
X | inappropriate.
3 Can be expensive.
2 | Human impacts
presentin
historical times
were
sometimes
severe.

gradients of impact; i.e., nearfield/
farfield.

All monitoring sites, whether reference
or test, can vary spatially and
temporally due to natural causes. A
central measure from several reference
sites is used so that natural variability
and uncertainty can be accommodated.
Statistically, this means that the status of
particular estuarine or coastal marine
“test” sites are judged by comparing
them to a population of reference sites
for the particular classification category.
There are 3 approaches for using
reference sites; these are discussed in
Section 4.4.

4.3.3 Models

Mathematical models may be
characterized as descriptive or
mechanistic. Descriptive models (also
known as correlative or statistical

models) describe observed relationships
among measured attributes of a system.
This approach models data without
attention to causal factors. Prediction,
including forecasting and managing, is
the primary goal of a descriptive model,
and the model is considered successful if
it fits the data well. The utility of
descriptive models is often affected by
the quantity and quality of data
available, and in many cases, insufficient
data exists to construct a useful model.

Mechanistic models seek to explain
observed relationships as the result of
underlying processes - they are also
called process models. They typically
consist of a set of state variables, which
describe how the system is "now", and a
set of dynamic equations that describe
how the state variables change over time
(exogenous variables, or "forcing
functions" may also be included). In a
sense, mechanistic models are a set of
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descriptive models for each component
of a system. The objective of
mechanistic models is to describe the
system itself and not simply the data
obtained by taking measurements; i.e.,
"fitting the data" is not the prime
objective. Mechanistic models have
many more constraints and are more
time-consuming to construct than
descriptive models due to the need to
match system structure. Despite the fact
that these models are not designed for
prediction, they are often built and used
to forecast and manage ecological
resources for the following reasons: 1)
in some cases, one does not want to
perform an experiment without a
reasonable idea of what will happen
(e.g. work involving endangered
species); 2) some experiments are not
feasible - the amount of data needed for
a multivariate statistical model grows
very rapidly with the number of
variables, and obtaining the data
required for a descriptive model is
prohibitively expensive.

There are two main types of mechanistic
models commonly used in biology and
ecology. Simulation (also known as
management) models are practically
oriented and focus on prediction and
management. In these models,
numerical accuracy is what matters
most, the model need not match the
system processes and structure.
Management models are system specific,
resulting in numerical predictions for
one particular system. Theoretical (also
known as analytical) models focus on
scientific understanding of the system.
These models are highly analytical,
typically involving systems of
differential equations, and emphasize
principles rather than numerical
accuracy. These models have to be
simple enough to allow understanding
of system behavior and what the model
is predicting. This trade-off often
requires that the investigator omit or

estimate many quantitative or unknown
details, and often assumptions about the
interaction of system components
represent hypotheses rather than
empirically-derived relationships.
Theoretical models can apply to many
qualitatively similar systems; they are
useful whenever the phenomenon of
interest occurs across multiple systems.

The degree of complexity of mechanistic
models to predict reference conditions is
potentially unlimited with attendant
increased costs and loss of predictive
ability as complexity increases (Peters
1991). However, these models can
provide much insight into the
interactions which determine ecological
condition. Management-oriented
mechanistic models sacrifice numerical
accuracy in order to capture system
dynamics. These models are
mathematically complex and require
more time and effort to develop than
descriptive models. The primary value
of mechanistic models may be for
understanding ecosystem processes and
evaluating likely system responses when
mitigation projects are implemented.

4.3.4 Expert Opinion/Consensus

In any data evaluation, it is important to
establish a qualified team of regional
specialists so the error inherent in
professional judgment can be reduced.
This team should evaluate the historical
data, the candidate reference sites,
subsequent data collected, and any
models used in the process. This expert
team function is even more important
when no candidate reference sites are
acceptable. Expert consensus then
becomes a workable alternative in
establishing reference expectations.
Under such circumstances, the reference
condition may be defined using a
consensus of expert opinion based on
sound ecological principles applicable to
the region of interest.
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Three or four biologists are convened for
each assemblage to be used in the
assessment, and each expert should be
familiar with the estuaries or coastal
marine waters and assemblages of the
region. The experts are asked to develop
a description of the assemblage in
relatively unimpaired estuaries and
coastal marine waters, based on their
collective experience. The description
developed by consensus will necessarily
be more qualitative than quantitative,
but metrics and metric scoring can be
developed.

It is important that the process used to
review the available information and to
develop a consensus be thoroughly
documented so that it can be repeated in
the future if necessary and to provide
quality control on its results. This same
panel of biologists and natural resource
managers may also be consulted in the
development of the overall reference
condition and subsequent biocriteria. In
establishing the team of experts, it
should be recognized that bias toward
specific assemblages may exist and the
team should be appropriately balanced.

4.4 Use of Reference Sites to
Characterize Reference
Condition

The determination of the biological
reference condition from reference sites
is based on the premise that estuaries
and coastal marine waters least affected
by human activity will exhibit biological
conditions most natural and attainable
for those waters in the region.
Anthropogenic effects include all
possible human influences, for example,
watershed disturbances, habitat
alteration (channel dredging and
dredged material disposal, shoreline
bulkheading), nonpoint source inputs,
point source discharges, atmospheric
deposition, and fishing pressure.
Human activities can be either

detrimental, such as pollutant inputs, or
positive, such as responsible resource
protection or restoration. In either case,
the manager developing a biocriteria
program must evaluate the effect of such
activities on biological resources and
habitat. In practice, most reference sites
will have some of these impacts,
however, the selection of reference sites
is always made from those with the least
anthropogenic influences.

Reference sites must be carefully
selected because they are used as a key
part of the biocriteria benchmark against
which test sites are compared. The
conditions at reference sites should
represent the best range of minimally
impaired conditions that can be
achieved within a classification category
for the region. Two primary
considerations guide the selection of
reference sites within each site class:
minimal impairment and
representativeness.

Minimal Impairment - Sites that are
relatively undisturbed by human
activities are ideal reference sites.
However, land use practices and the
presence of major urban areas in the
basins of many of the nation's estuaries
or adjacent to its coastal marine waters
have altered the landscape and quality
of water resources to such a degree that
truly undisturbed sites are rarely
available. In fact, it can be argued that
no unimpaired sites exist. Therefore, a
criterion of "minimally impaired" must
be used to determine the selection of
reference sites. In regions where
minimally impaired sites are still
significantly degraded, the search for
suitable sites should be extended over a
wider area, and multistate cooperation
may be essential. It is advisable that the
state make every effort, once reference
sites are selected, to protect these areas
from degradation. This may involve:
purchase of land or easements; where
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appropriate, location within public
reserves; use restrictions or permit
constraints on fishing, discharge, or
dredging/disposal to protect the quality
of the reference area waters.

Representativeness - Reference sites must
be representative of the best quality of
the estuaries and coastal marine waters
under investigation; that is, they must
exhibit conditions similar to what would
be expected to be found in the region.
They should not represent degraded
conditions, even if such conditions are
the most common. Sites containing
locally unusual environmental
characteristics can result in
uncharacteristic biological conditions
and should be avoided.

Once the physical estuarine or coastal
marine classification is completed, the
biological reference condition should be
defined for each class. This can be
accomplished with three basic
approaches: (1) selected reference sites;
(2) determination from population
distributions; and (3) site-specific
reference sites. The second approach,
determination from population
distributions, is a relaxation of the
requirement for minimal impairment;
and the third approach, site-specific
reference sites, is a relaxation of the
representativeness requirement.

4.41 Selected Reference Sites

In this approach, reference conditions
are characterized based on the best
available sites for a given physical class
of estuarine or coastal marine waters,
and indexes or models are developed by
comparing the best sites (the reference
sites) to a second set of sites that may be
impaired. The approach assumes that
within the population of sites some are
minimally disturbed and therefore
comprise a minimally impaired
biological condition. Selection of

reference sites must be physical or
chemical; for example, minimal
instances of hypoxia, substantially free
of contaminants, a large proportion of
natural vegetation in the watershed,
little or no industrial point sources, little
or no urban runoff, or little or no
agricultural nonpoint source pollution.
Impaired (“test”) sites for testing
response of metrics and model building
are selected for the presence of one or
more such anthropogenic disturbances.
Prior definition and selection of
reference sites has been used
successfully in streams for fish and
invertebrate indexes and models (e.g.,
Barbour et al. 1995, Ohio EPA 1987,
Reynoldson and Zarull 1993, USEPA
1987, Wright et al. 1984), and in estuaries
for benthic invertebrate indexes (Engle
et al. 1994, Summers et al. 1993,
Weisberg et al. 1993).

Reference Site Criteria - The overall goal
in establishing the reference condition
from carefully selected reference sites is
to describe the optimal biota that
investigators may expect to find at the
test sites of interest in the absence of
stresses. These "test" or "assessment"
sites can then be compared to the
reference sites to determine whether
impairment exists. The characteristics of
appropriate reference sites vary among
regions of the country and for different
water body and habitat types. In
general, the following characteristics
(modified from Hughes et al. 1986) are
typical of ideal reference sites:

» Sediments and water column
substantially free of contaminants;

» Natural bathymetry, typical of the
region;

» Natural currents and tidal regime;

» Shorelines representative of
undisturbed estuaries and coastal
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marine areas in the region (generally
covered by vegetation with little
evidence of shoreline erosion);

» Natural color and odor of the water.

In this approach, a single minimally
impaired site does not represent any one
region or population of sites, and a
frequent difficulty is matching habitats
for valid comparison, particularly given
that the influence of nonpoint source
runoff or specific point source
discharges may extend over wide areas
due to transport of pollutant loads by
currents and tides. Reference conditions
based on multiple sites are more
representative and are important to
establishing quantitative-based or
numeric biocriteria.

Representative reference sites should be
selected within each of the identified
classes. A sufficient number of sites are
then sampled to adequately characterize
the range of existing conditions and to
reduce the variability in the
measurements for each class. It is
desirable to sample a minimum of 10
sites per class, and 30 sites per class is
usually optimal for cost effectiveness. In
regions where all sites are impacted, the
selected number of "best" sites of each
class (e.g., mesohaline mud habitat) are
sampled, where "best" is determined by
least anthropogenic disturbance or
impacts, but not by most desirable biota.
In regions where the population of
minimally impaired reference sites is
large, a stratified random sampling
scheme (using those sites) will yield an
unbiased estimation of reference
conditions (Gilbert 1987).

Stressed Sites - Effective metrics respond
to environmental degradation and allow
discrimination of impaired sites from
the reference expectations. Metrics that
do not respond are not useful in
bioassessment. Response is determined

by sampling a set of stressed sites in the
same way as the reference sites. Sites
with known problems, such as nutrient
loading, thermal pollution, toxic
sediments, or those influenced by urban
land use, are good candidates. There
should be several in each class for
adequate tests of metric responses.
Since impaired sites are frequently
locations of monitoring by water quality
agencies, data might already exist to test
the biological metrics. However, the
sampling methods for reference and
impaired sites should be comparable.

For a lengthy sampling season, itis
important to account for seasonal shifts
of the salinity zone boundaries. Stations
proximal to these transition zones may
need to be either located far enough
away from the boundary to have
consistent year-round application or else
their classification should be shifted
with the seasons. For example, some
areas in Figure 4-5 may be polyhaline-
sandy bottom in the spring, but in the
winter they would be classified as
marine-sandy bottom (Figure 4-6).
Thus, such stations have a change of
classification with the shifting of the
halocline. An alternative is to avoid
placing stations near the transition zone
so that, except in extreme climatic
conditions, these stations have
consistent habitat characteristics. The
biotic data collected at all sites is then
subclassified by sediment type (e.g.,
sand, sandy-mud, mud) and depth for
this salinity region. This information
becomes the reference condition and
part of the biocriteria for any test sites in
the region.

Example: EMAP Estuary - The EMAP-
Estuaries (EMAP-E) program collected
samples in the Virginian and
Louisianian provinces. One of the goals
of the EMAP-E effort is to develop a
statistical benthic index of estuarine
condition based on extensive
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Figure 4-5
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information about benthic community
structure. A test data set of reference
stations has been compiled for the
purpose of formulating the index.

Habitat characteristics used by EMAP to
define reference stations from the 1990
and 1991 Virginian province (refer to
Figure 4-3) collections in Chesapeake
Bay were:

» Stations where no contaminant
exceeded the effects range-median
(ER-M) value (which equals the
concentration at which 50% of
collected data demonstrated adverse
biological effects [Long et al. 1995]);

» No sediment toxicity was observed;
i.e., percent survival greater than
75% and not significantly different
from controls;

» Bottom DO was never less than 1-
mgL", 90% of the continuous DO
measurements were greater than 3-
mgL™ and 75% of the DO
measurements were greater than 4-
mgL" (Schimmel et al. 1994).

The list of stations generated using these
characteristics was reviewed to
eliminate any reference sites located in
areas potentially subject to physical
disturbance, such as dredged shipping
channels. Fifty-three sites from the
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combined 1990 and 1991 data sets were
considered to be reference sites.

A similar process has been used for data
collected in 1991 in the Louisianian
province (refer to Figure 4-3). Using the
following criteria, eight sites were
classified as reference sites:

» The minimum DO value over a 24-
hour period was less than 3.0-mgL™"
(Summers and Engle 1993);

» Sediment concentrations for any
contaminant did not exceed the ER-
M value;

» The percent survival for Ampelisca
abdita (10-day) or Mysidopsis bahia
(96-hour) in acute sediment
bioassays was indistinguishable
from controls (Engle et al. 1994).

As states develop their estuarine and
coastal marine biocriteria, they may
wish to consider incorporating EMAP-
identified reference sites into their
sampling programs. To the degree that
these stations meet state reference
condition requirements, they can serve
as regional reference sites within the
appropriate state classification
categories while also contributing to
USEPA national trend monitoring for
estuaries.

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance

4-15



4.4.2 Reference Condition Derived
from Population Distribution

One problem in the use of the minimally
impaired sites technique is what to do if
an area is so extensively degraded that
even the least impaired site indicates
significant deterioration. Many systems
are greatly altered through channel
dredging and spoil disposal,
urbanization, and construction and
operation of marinas and other
commercial or industrial enterprises.
The condition of these systems is a result
of societal decisions that have to be
taken into account. However, the
existence of greatly altered systems
should not compromise the objective of
defining the natural state as a reference
condition. These disturbed systems
should not be presumed to represent a
reference condition of any sort.

Although the biocriteria established for
these altered systems serve as a baseline
for judging impairment, the ultimate
goal is to achieve the sites' recovery to
the best attainable condition as
represented by historical information
and by conditions at "minimally
impaired" sites. Consensus of expert
opinion and historical data play an
especially important role in
characterizing the reference condition
for these systems, as does the
application of innovative management
practices to obtain resource
improvement.

In defining the biocriteria, managers
must strike a balance between the ideal
restoration of the water resource and the
fact that human activity affects the
environment. The most appropriate
course of action will be to use
minimally impaired sites as
representing the maximum amount of
degradation that will be tolerated,
thereby ensuring adherence to the
antidegradation policy of the CWA.

Continual monitoring should provide
the feedback necessary to make
reference condition and interim criteria
adjustments as warranted during the
restoration process.

In this approach, reference conditions
are derived from the distribution of
calculated metrics for the entire
biological data set within a physical
classification without preselecting any
reference sites. The entire data set can
be plotted as a cumulative frequency
distribution to help determine “best”
values of candidate metrics (Figure 4-7).
This approach is applied in cases where
prior definition of reference sites is not
possible because all sites are considered
impaired or because too few reference
sites exist (e.g., one or two) for an
unbiased characterization of regional
reference conditions. This approach has
been used successfully for fish and
invertebrate indexes in streams (e.g.,
Karr et al. 1986, Plafkin et al. 1989) and
for fish (Jordan et al. 1992, Deegan et al.
1997) in estuaries.

The biological reference condition is
defined from some upper fraction of the
component indicator variables (metrics)
and this reference condition is
subsequently used to judge the
biological status of other sites. There is
no independent (nonbiological)
definition of reference condition.
Reference condition and biological
responses are confirmed by identifying
severely impaired sites and then
comparing them with the derived
reference condition to determine the
response(s) of biological indicators to
impacts, and by selecting metrics that
are known to respond to perturbation
from other studies.

A representative sample is taken of the
entire population of estuary or coastal

marine sites (Figure 4-8). Sites that are
known to be severely impaired may be
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excluded from the sample, if desired.
The population distribution of each
biological metric (Chapter 11) is
determined, and the 95" percentile of
each metric is taken as its reference
value. The range from the minimum
possible value to the reference value is
trisected, and values in the top third of
the trisected range are presumed to be
similar to reference conditions. Scoring
of metrics is explained more fully in
Chapter 11.

A central assumption of the population
distribution approach is that at least
some sites in the population of sites are
in good condition, which will be
reflected in the highest scores of the
individual metrics. Because there is no
independent definition of reference; i.e.,
independent of biological status,
reference conditions defined in this way
must be taken as interim and subject to
future reinterpretation. Again,
antidegradation safeguards must be in
place to prevent further deterioration of
the reference condition and criteria.

4.4.3 Site-specific Reference Sites

The site-specific approach is analogous
to upstream-downstream comparisons

in running water or control-impact
designs. It consists of selecting a
reference site paired with each site to be
assessed. There is no characterization of
reference conditions for a physical class
of estuarine or coastal marine waters;
each test site and each reference site is a
special case with each test site compared
to its reference site. Reference sites are
selected to be similar to their respective
test site, but unimpaired by the
perturbations of interest at the test site.
This approach may be less costly at the
outset because the design and logistics
are simpler than the other approaches.
However, after several years of
sampling and monitoring, costs for this
approach are likely to be similar or
greater because each new test site
requires its own paired reference site.

The site-specific approach has two
problems stemming from the fact that
there is usually only a single reference
site or a single nearby reference area
from which reference sites are selected.
The first problem is representativeness:
Does the reference site represent
reference conditions? Although the
reference site may lack the specific
stressor that is present at the test site,
unless carefully evaluated and placed, it
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Figure 4-8
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may be subject to other stressors that
have not been considered.

The second problem with the site-
specific approach is the potential for
trivial statistical comparison of two sites
in that it is almost always possible to
demonstrate a statistically significant
difference between two sites by
pseudoreplication (Hurlbert 1984).
Pseudoreplication is the repeated
measurement of a single experimental
unit or sampling unit, and treating the
measurements as if they were
independent replicates of the sampling
unit. A single reference site does not
yield sufficient information to
meaningfully judge the biological
relevance of a statistical difference at the
test site. The judgment that biotic

differences between a single test site and
its reference site may be due to
differences in impacts can not depend
on statistical tests, but requires a careful
weight-of-evidence evaluation (e.g.,
Hurlbert 1984, Schindler 1971).

If the objective of a study is to test the
response of a particular metric, and if
there are several paired sites, then a
paired approach can be very powerful,
allowing paired statistical tests (e.g.,
Frydenborg 1994). A paired
experimental design is not
pseudoreplication because each site pair
is an independent replicate, and the
sample size (n) is the number of pairs.
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Example 1: Navigation channels -

Navigation channels can represent an
important component of overall
estuarine areas (e.g., Houston Ship
Channel, entrance to Chesapeake Bay
and major harbors). Resource agencies
may need to determine the relative
quality of navigation channels in
relation to the entire estuarine system as
part of the overall resource evaluation.

Stations should be arrayed essentially in
a nearfield-farfield pattern as shown in
Figure 4-9, with farfield stations located
"up" current and nearfield stations
"down" current, outside the zone of
suspected impact. Stations should be
located such that depth, grain size, and
salinity remain consistent. These
conditions may be difficult to locate in a
tidally-influenced channel.
Furthermore, if the navigation channel
to be assessed is dredged to constant
depth, changes in biota will primarily be
a function of salinity, given uniform
poor substrate and the periodic
destruction of the benthic habitat by
dredging.

The reference condition for navigation
channels would be determined from the
central tendency (e.g., median) of the
biological data collected at "upstream"
stations, that is, those stations that are
expected to be out of the zone of
influence of impact sources (e.g.,
harbors, industrial areas). Sites from
which the reference condition is
determined should be of comparable
depth, grain size, and salinity to those in
suspected impact zones and have the
same dredging history.

Example 2: Nearshore marine -
The station array in coastal marine

waters is essentially a variation of the
nearfield-farfield approach because of

the open water characteristics. Transects

should be laid parallel to shore along
equal depth contours, with sampling
stations placed approximately evenly
along the transect (Figure 4-10). For
habitat consistency, the survey team
should strive to maintain uniform depth,
bottom type, salinity, DO, and pH
characteristics at a minimum for all sites.

These parallel transects can evolve to an
open grid station array if sampling
stations are added around outfalls. In
Figure 4-10, the D1-D5 series of stations
is added to the transect to reveal effluent
distribution shifts around the discharge
site. This approach addresses two
aspects of effluent impact monitoring;:
(1) the relative biological community
change near the discharge as compared
to the reference condition described by
observation of either end of the transect;
and (2) the potential shifting, seasonal
change, or expansion or contraction of
the zone of effluent influence from the
discharge. Both forms of information are
important to adequately assess the
biological effects of such effluents. This
design was used for bioassessment of
ocean outfalls from Delaware and
Maryland (see Chapter 13).

A complete grid, while more involved
and expensive, would allow a more
precise evaluation of the effects of these
discharge plumes as they shift in
position in response to changes in
nearshore currents and seasonal shifts in
wave regime (Figure 4-10).
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Figure 4-9
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Chapter 5
Sampling Program Issues

Biological Assemblages
and Design

This chapter presents sampling program
issues that are common to each of the
three assessment tiers that employ field
sampling. These issues include the
biological assemblages (Section 5.1) that
might be sampled, sampling design
strategies (Section 5.2 and 5.3), and
logistical considerations (Section 5.4).
Historically, benthic macroinvertebrates
have been the most widely sampled
assemblage, which is described in detail
in this chapter.

As described earlier in this document, a
possible sampling methodology is a
progressive tiered design, ranging from
simple biological assessment to detailed,
intensive studies. The tiers are intended
to be implemented cumulatively, that is
when possible, each tier should
incorporate the elements in the
preceding tier as appropriate for the
estuaries or coastal marine water in
which they are applied. In general, the
methods are derived from those used
along the coastal United States (Dauer
1993, Farrell 1993a, b, Nelson et al. 1993,
Word 1980, 1978, Word et al. 1976); in
Puget Sound (Eaton and Dinnel 1993); in
the EMAP - Estuaries program (Holland
1990), and in USEPA’s National Estuary
Program (NEP) (USEPA 1992) and 403
Monitoring Program (USEPA 1994a).

Assessment tiers 1 through 3 require
sampling biological assemblages and
habitats in one or more field visits. Six
biological assemblages, including two
developmental/experimental
assemblages, are recommended for
estuarine and coastal marine waters

bioassessment. Each tier is comprised of
a subset of assemblages, with the
number of assemblages increasing in the
higher tiers. While these six
assemblages are described, specific
environmental circumstances and
budget constraints will determine what
subset each state uses. For example, if
finances are extremely limited on the
East Coast the single most effective
assemblage to sample may be
macrophytes. On the West Coast
benthic macroinvertebrates or fish may
the assemblages of choice. The
bioassessment measurements are made
along transects extending from shore to
the deepest (channel) portion of the
estuary, in a systematic grid along
transects extending away from point
source discharges (nearfield/farfield), or
in a probablistic design. The number of
transects or grid points, the assemblages
sampled, and the intensity of sampling
effort are determined by the assessment
tier with overall effort increasing at each
higher tier.

5.1 Assemblages

The study of any group of organisms
will yield information on the status of
their environment. The objectives in
selecting assemblages for estuarine and
coastal marine bioassessment were to
identify those that: (1) are
unambiguously useful for biological
assessment; (2) can be sampled and
interpreted in a cost-effective way; and
(3) have easily calculated metrics that
can be used alone or in a multimetric
index of the assemblage. Assemblages
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that meet these criteria are suggested for
use in estuarine and coastal marine
assessment; assemblages that do not
presently meet the criteria are
considered to be developmental.
Suggested assemblages include infaunal
benthic macroinvertebrates, fish, aquatic
macrophytes, and phytoplankton
(chlorophyll a). The developmental
assemblages include zooplankton,
epibenthos, and paleoenvironmental
systems. These developmental
assemblages are promising, but they
lack the same level of refinement
documented for the suggested
assemblages listed above and
unresolved technical problems remain
with respect to cost-effective assessment
and interpretation. Background and
rationale for these suggested
assemblages was presented in Chapter 2.

Multimetric bioassessment is not a
ready-made, one-size-fits-all instrument
that will tell managers whether estuaries
or coastal marine waters are healthy. It
is an approach that is expected to be
modified to specific regional conditions
before it can be applied. For example,
bioassessment of streams has been
successful when modified and calibrated
regionally (e.g., Barbour et al. 1996a,
Ohio EPA 1990, Miller et al. 1988), but it
has been less successful when used "off-
the-shelf." Successful application
requires region-specific selection and
calibration of metrics, as well as regional
characterization of reference conditions.
For example, benthic infauna are rare in
rocky, fjord-type estuaries and would be
an inappropriate assemblage to sample
in such a setting.

5.1.1 Benthic Macroinvertebrates
(Infauna)

Benthic macroinvertebrates are an
appropriate assemblage for all biological
assessments of water bodies because
they respond to water, sediment, and

habitat qualities (Holland 1990, Plafkin
et al. 1989), are not very mobile, and
consequently, integrate long-term
changes in these ecosystem components.
For those reasons, benthic
macroinvertebrates tend to dominate
this text.

Individual macroinvertebrate species
have sensitive life stages that respond to
stress and integrate effects of short-term
environmental variations, whereas
community composition depends on
long-term environmental conditions. In
addition to taxonomic identification,
benthic macroinvertebrate metrics may
require knowledge of the feeding group
to which a species belongs, for example,
suspension feeders and deposit feeders.
Potential metrics for estuarine and
coastal marine benthos are listed in
Table 5-1. Metrics considered in the
EMAP Estuaries program are listed in
Table 5-2.

Sampling Strategies

The sampling area should focus on the
most predominant substrate available
(in many estuaries and coastal marine
areas this will be soft sediments of mud
through sand grain sizes), and the
metrics should be developed
independent of microhabitat variation
(Table 5-3). The type of sampling gear
will depend on the substrate being
sampled; each substrate has its own
optimal sampling gear (Section 5.1.1.4).
Standardized sampling techniques for
each gear type should be followed to
allow for the comparison of data.
Processing of samples should be
standardized by using a mesh size
appropriate to the region. In the past,
monitoring programs conducted in east
coast waters have often used a 0.5-mm
mesh screen, while west coast programs
have used a 1.0-mm screen (Bowman et
al. 1993). States should consider testing
various mesh size screens to determine
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Table 5-1. Potential benthic macroinvertebrate metrics.

Metric Response to Impairment

No. of taxa reduced

Mean no. of individuals per taxon substantially lower or higher
% contribution of dominant taxon elevated

Shannon-W iener diversity reduced

Total biomass substantially lower or higher
% biomass of opportunistic species elevated

% abundance of opportunistic species elevated

Equilibrium species biomass reduced

Equilibrium species abundance reduced

% taxa below 5-cm reduced

% biomass below 5-cm reduced

% carnivores and omnivores elevated

No. of amphipod species reduced

% individuals as amphipods reduced

% individuals as polychaetes/oligochaetes elevated

No. of bivalve species reduced

% individuals as molluscs reduced

% individuals as deposit feeders elevated

Mean size of organism in habitat reduced

Proportion of expected no. of species in sample reduced

Proportion of expected no. of species at site reduced

Mean weight per individual polychaete reduced

No. of suspension feeders reduced

% individuals as suspension feeders reduced

No. of gastropod species reduced

No. of Capitellid polychaete species elevated

the most appropriate size for their Time and Costs

bioassessment activities. Ferraro et al.
(1994) present a process to evaluate the An informal survey of some states that

optimum infaunal sampling protaocol; conduct routine monitoring of estuaries
i.e., sampling unit area, sieve mesh size,  and coastal marine waters indicates that
and sample size [n], discussed more estuarine sampling requires a minimum
fully in Section 5.2.6. of two full-time equivalent (FTE) staff,
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Table 5-2.

Metrics from which the EMAP Virginian and Louisianian benthic indexes were
developed. Louisianian Province has reduced number of metrics due to
knowledge gained from previous Virginian province studies (n.a. - not applicable).

Community

Measure of
Structure/
Function

Metrics

Virginian Province

Biodiversity/ Proportion of expected number of species present in a sample ®m Proportion of expected
Species number of species present at a site ® Shannon-Weiner Diversity Index m Pielou’s evenness
Richness index

Abundance Total benthic abundance per event m Mean benthic abundance per sample » Total benthic
Measures biomass per event m Mean benthic biomass per sample

Individual Health

Biomass/abundance ratio = Mean weight per individual polychaete m Mean weight per
individual mollusc

Functional
Groups

Number of suspension feeding organisms per event m Biomass of suspension feeding
organisms per event ® Percent of total benthic abundance as suspension feeders m Percent
of total benthic abundance as suspension feeding biomass m Number of deposit feeding
organisms per event m Biomass of deposit feeding organisms per event m Percent of total
benthic abundance as deposit feeding organisms ® Number of benthic omnivores/predators
per event m Biomass of benthic omnivores/predators per event m Percent of total benthic
abundance as omnivores/predators m Percent of total benthic biomass as
omnivores/predators m Number of opportunistic species per event ® Mean number of
opportunistic species per sample m Percent of total benthic abundance as opportunists =
Number of equilibrium species per event ® Mean number of equilibrium species per sample =
Percent of total benthic abundance as equilibrium species ® Percent of mean benthic
abundance as equilibrium species

Taxonomic
Composition

Number of amphipods per event m Amphipod biomass per event m Percent of total benthic
abundance as amphipods m Percent of total benthic biomass as amphipods m Number of
bivalves per event m Bivalve biomass per event m Percent of total benthic abundance as
bivalves m Percent of total benthic biomass as bivalves m Number of gastropods per event =
Gastropod biomass per event m Percent of total benthic abundance as gastropods m Percent
of total benthic biomass as gastropods ® Number of molluscs per event ® Mollusc biomass
per event m Percent of total benthic abundance as molluscs ® Percent of total benthic
biomass as molluscs m Number of polychaetes per event m Polychaete biomass per event m
Percent of total benthic abundance as polychaetes m Percent of total benthic biomass as
polychaetes m Number of Capitellid polychaetes per event m Percent of total benthic
abundance as Capitellid polychaetes m Number of Spionid polychaetes per event m Percent
of total benthic abundance as Spionid polychaetes m Percent of total polychaete abundance
as Spionid polychaetes m Number of Tubificid oligochaetes per event m Percent of total
benthic abundance as Tubificid oligochaetes

Louisianian Province

Biodiversity/ Shannon-Wiener Diversity Index m Pielou’s Evenness Index m Mean number of species =
Species Mean number of polychaete species

Richness

Abundance Mean benthic abundance per site

Measures

Individual Health

n.a.

Taxonomic
Composition

Mean abundance of amphipods per site m Proportion of total benthic abundance as
amphipods = Mean abundance of decapods per site m Proportion of total benthic abundance
as decapods m Mean abundance of bivalves per site m Proportion of total benthic abundance
as bivalves m Mean abundance of gastropods per site ®m Proportion of total benthic
abundance as gastropods ® Mean abundance of molluscs per site m Proportion of total
benthic abundance as molluscs m Mean abundance of polychaetes per site m Proportion of
total benthic abundance as polychaetes m Mean abundance of Capitellid polychaetes per site
m Proportion of total benthic abundance as Capitellid polychaetes = Mean abundance of
Spionid polychaetes per site m Proportion of total benthic abundance as Spionid polychaetes
m Proportion of total polychaete abundance as Spionid polychaetes m Mean abundance of
Tubificid oligochaetes per site m Proportion of total benthic abundance as Tubificid
oligochaetes
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Table 5-3.

Sampling summary for infaunal benthic macroinvertebrates.

Habitat Preferred: soft sediments (mud-sand).
Sampling Regionally most appropriate for substrate (Table 5-4).
Gear
Index Regionally most appropriate
Period Preferred:
Summer - East & Gulf Coast
Spring - Pacific Northwest
Alternative:
All four seasons, or winter and summer
Sampling Preferred: samples from 3 grabs at each of at least 10 sites.
Alternative: keep sites as replicates if a within-class variance
estimate will be used in assessment.
Analysis Preferred: lowest practical taxonomic level
Alternative: identification to class and family.

and has an associated per sample cost of
$200 - $400.

Coastal marine sampling requires a
minimum of four FTEs, and has an
associated cost of $400 - $800. Three
months to a year are required from time
of sampling to preparation of an
interpretive report.

Assessment Tiers

The benthic infaunal assemblage is
appropriate for all three field tiers
outlined for the biological assessment of
estuaries and coastal marine waters.
Tier 1 determines the presence/absence
of macroinvertebrates below 5-cm depth
in the sediment and briefly describes the
class and family of observed benthos.
Tier 2 determines the major taxa and
indicator species present in each sample
to the genus and species level. Tier 3
applies a full benthic community
assessment, recording the numbers of
individuals in each grab to the genus
and species level, and can include
determination of biomass if deemed
appropriate by the state. Tier 3 uses the
benthic community assessment with
replication and additional diagnostic

stations and parameters as indicated by
the data.

Gear Type

All sampling methods and gear types
have specific biases because they capture
a target assemblage. Because estuaries
and coastal marine waters are complex
environments with a potentially large
number of habitats, it is important to
choose sampling methods and gear
appropriate for a specific habitat type.
Sampling within a given habitat type
such as a salinity regime, bottom grain
size, and/or depth should be conducted
so that samples can be considered
representative of the community being
studied.

A large number of benthic sampling
methods and gear are available. The
choice of appropriate methods and gear
will depend upon the goals of the
sampling and the habitat to be sampled.

» In subtidal areas, benthic infauna
can be collected using grabs, such as
Young, Ponar, or Van Veen; or cores
such as box, gravity, or hand-held
cores collected by divers. Grab or
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core size and number of replicates
should be sufficient to adequately
sample the infaunal community,
bearing in mind that distribution is
usually spatially clumped rather
than random or regular; and

» Intertidal areas may best be sampled
at low tide with hand-held cores.
For certain infauna it may also be
feasible to estimate abundance by
counting the number of surface
structures within a given area. For
example, some polychaete worms
build identifiable tube or mound
structures, or leave identifiable fecal
coils in intertidal areas. If the local
infauna has been studied to the
extent that identification of such
topographic features can be
correlated to the presence of a
particular organism, crude
abundance and presence/absence
evaluations may be possible.

Collection of sediments and benthic
organisms should be done concurrently
in order to reduce the costs of field
sampling and to permit sound
correlation and multivariate analyses.
Therefore, the sampling equipment and
procedure should also include sampling
the sediment.

Desirable attributes for sediment
sampling gear include:

» Creates a minimal pressure wave
when descending;

» Forms a nearly leakproof seal when
the sediment sample is taken;

» Prevents winnowing and excessive
sample disturbance when ascending;

» Allows easy access to the sample
surface so that undisturbed
subsamples may be taken;

» Allows vertical sectioning of
undisturbed samples for profile
examination.

Penetration well below the desired
sampling depth is preferred to prevent
sample disturbance as the device closes.
It is best to use a sampler that has a
means of weight adjustment so that
penetration depths may be modified
with changing sediment type (USEPA
1992).

Grab Samplers

Well designed and constructed grab
samplers are capable of consistently
sampling bottom habitats. Depending
on the size of the device, areas of 0.02- to
0.5-m’ and depths ranging from 5- to 15-
cm may be sampled. Limitations of grab
samplers include:

» Variability among samples in
penetration depth depending on
sediment properties;

» Obligue angles of penetration which
result in varying penetration depths
within asample; and

» The sample may be folded or
otherwise distributed by some
devices, such as the Shipek sampler,
resulting in the loss of information
concerning the vertical structure of
benthic communities in the
sediments.

However, careful use of these devices
will provide reliable quantitative data.
Grab samplers are the tools of choice for
a number of estuarine and marine
monitoring programs due to their ability
to provide quantitative data at a
relatively low cost (Fredette et al. 1989,
USEPA 1986-1991). Various grab
samplers which could be used for Tiers
1-3 are summarized in Table 5-4.
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Table 5-4. Summary of bottom sampling equipment (Adapted from USEPA 1992, Klemm et al.
1992, and ASTM 1998b).
DEVICE USE ADVANTAGES DISADVANTAGES
o Soft sediments Samples a variety of soft substrates Samples limited surface area.
5] only. up to harder types. Sampling tube Requires boat and winch.
S can be modified up to 100-cm?
O substrate surface; least disturbance
m to water/bottom interface. Can be
4 used in shallow to medium-shallow
water up to 30.5-m or deeper.
ie) Soft sediment Good penetration on soft sediment. Heavy; requires boat and winch.
S only. Small sample volume allows greater Does not retain sand unless
o number of replicates to be collected bronze core retainers are used.
= in a short time period. Samples deep
28 burrowing organisms. Used in
S 3 shallow to deep water (3-m to 183-m).
v F Automatic check valves prevent
o @ sample loss.
28
o =
=5
@S
Q Shallow wadeable Preserves layering and permits Small sample size requires
@ waters or dee historical study of sediment repetitive sampling. Impractical
] waters if SCUBA deposition. Rapid-samples in water > 1-m depth if SCUBA
o available. Soft or |mmed|ateIXA|jeady for laboratory not available.
c @ semi-consolidated shipment. Minimal risk of
8= deposits contamination.
|_
g K
39
L o
c Same as above Handles provide for greater ease of Careful handling necessary to
S . except more substrate penetration. Above prevent spillage. Requires
=) consolidated advantages. removal of liners before )
S o sediments can be repetitive sampling. _Slight risk
c 9 £ obtained. of metal contamination from
2 o7 barrel and core cutter.
$3¢
TR
S oD
98 5
8%
o =
S E &
I2a
5] Same as above. Collection of large undisturbed Hard to handle.
X5 sample allowing for subsampling.
)
m O
S Semi-consolidated | Low risk of sample contamination. Careful handling necessary to
= sediments. Maintains sediment integrity relatively | avoid sediment spillage. Small
% well. sample, requires repetitive
= operation and removal of liners.
) Time consuming.
E S
g
o
o
Ke) Lakes, estuarine Eliminates metal contamination if Expensive, heavy, requires boat
o and marine areas. grab is plastic or kynar lined. and winch.
) educed pressure'wave. Can
o subsample. Better penetration in
= sand than the modified Van Veen.
o
>
X Soft to semi-soft Obtains a larger sample than corin Possible incomplete jaw closure
2 sediments. Can tubes. Can be subsampled throug and sample loss. Possible
. be used from boat, | boxlid. Hinged top doors reduce shock wave which may disturb
o bridge, or pier in washout, shock waves and substrate the fines. Metal construction
c g waters of various disturbance. Range of sizes may introduce contaminants.
< 5 depths. Weights available. Possible loss of fines on
€ o can be added for retrieval. Inefficient in deep
ﬁ a deeper penetration water or where even moderate
in fine sand. current exists.
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Table 5-4 (Cont’d). Summary of bottom sampling equipment (Adapted from USEPA 1992,
Klemm et al. 1992, and ASTM 1998b).

DEVICE USE ADVANTAGES DISADVANTAGES
= Useful on sand, Most universal grab sampler. Shock wave from descent may
Q silt, or clay. Adequate on most substrates; very disturb fines. Possible
Q efficient for hard sediments. Large incomplete closure of jaws
€ sample obtained intact permitting results in sample loss. Possible
S subsampling. Better penetration than contamination from metal frame
2 other grabs; sideplates and screens construction. Sample must be
< reduce Was_hout, shock waves and further prepared for analysis. A
= substrate disturbance. very hea){x grab requires use of
o a boat with winch and cable.
& Shell hash can hold jaws open
c causing loss of sample. Must
s use stainless-lined grab for
sediment metals samples.
c Waters of 1-2-m Piston provides for greater sample Cores must be extruded on site
8 deep when used retention. to other containers - metal
2 with extension rod. barrels introduce risk of metal
o Soft to semi- contamination.
@ consolidated
I- 5 deposits.
S 3
m O
S Useful on sand, Adequate on most substrates. Large Requires boat and winch.
o silt, or clay. sample obtained intact. Shock wave from descent may
> disturb fines. Possible
c incomplete closure of jaws
§ results in sample loss. Possible
contamination from metal frame
b construction. Sample must be
= further prepared for analysis.
S Limited penetration in hard
o sand. Possible overpenetration
S in soft silt.
2 Sampling moving Streamlined configuration allows Possible contamination from
i waters from a fixed | sampling where other devices could metal construction.
I platform. not achieve proper orientation. Subsampling difficult. Not
> effective for sampling fine
m sediments.
e Useful on most Reduced pressure wave. Designed Loss of fines. Heavy; requires
2 substrates. for sampling hard substrates. Can boat and winch. Possible metal
c subsample_and make vertical cross- contamination unless grab is
) sections. Greater penetration in sand | lined.
= and cobble than modified Van Veen,
& but possibly not as deep as a Young
E=g=! grab. Better closure in areas with
IS 6 wood debris.
n
o Useful on most Inexpensive, easy to handle. Loss of fines on retrieval
g substrates. through water column. Layer
@) Various information not collected.
s 8 environments
o Q depending on
Q¥ depth an
§ 2 substrate.

The number and kinds of

macroinvertebrates collected by a
particular grab may be affected by the
habitat sampled, substrate type

(Klemm et al. 1992). USEPA EMAP-

sampled, depth of penetration, angle of

closure, completeness of closure of the
jaws and potential loss of sample
material during retrieval, creation of a
"shock" wave and "washout" of
organisms at the surface of the substrate.
The high-flow velocities often
encountered in rivers and wave action in
estuaries and coastal marine waters can
also affect stability of the sampler

Estuaries protocols describe a simple
and consistent method for accepting or
rejecting a bottom grab (Figure 5-1).

The type and size of the grab samples
(or other device) selected for use will
depend on factors such as the size of
boat, available winch and hoisting gear,
the type of sediment to be sampled,
water depth, current velocity, and
whether sampling is conducted in
sheltered areas or open water (Klemm et
al. 1992). The EMAP-Near Coastal
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Figure 5-1

Cross-section of
sediment in
clamshell bucket
illustrating
acceptable and
unacceptable
grabs.

Acceptable if Minimum
Penetration Requirement Met
and Overlying Water is Present

Unacceptable (Canted with
Partial Sample)

Unacceptable
(Washed, Rock Caught in Jaws)

Unacceptable
(Washed)

Program selected a Young grab
(sometimes referred to as a Young-
modified Van Veen) that samples a
surface area of 440-cm” (Weisberg et al.
1993). This Young grab was selected
because it deploys easily from small
boats (24-ft) and it samples sand and
mud habitats adequately. The
maximum penetration depth of the grab
was 10-cm.

PONAR Grab:

The PONAR has side plates and a screen
on the top of the sample compartment to
prevent loss of the sample during
closure. With one set of weights, this
heavy steel sampler can weigh 20-kg.
Word et al. (1976) report that the large
amount of surface disturbance
associated with Ponar grabs can be
greatly reduced by simply installing
hinges rather than fixed screen tops,
which will reduce the pressure wave
associated with the sampler's descent

into the sediment. The standard Ponar
takes a sample area of 523-cm”. A small
version, the petite Ponar grab, takes a
sample area of 232-cm” and can be used
in habitats where there may be an
unusual abundance of
macroinvertebrates, thus eliminating the
need to subsample.

The weight of the standard Ponar grab
makes it necessary to use a winch and
cable or portable crane for retrieving the
sample, and ideally the samples should
be taken from a stationary boat. The
smaller version (petite Ponar grab) is
designed for hand-line operation, but it
may be used with a winch and cable.

Ekman Grab:

The Ekman grab sampler is used to
obtain samples of macroinvertebrates
from soft sediments, such as very fine
sand, mud, silt, and sludge where there
is little current. This grab is inefficient
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in deep waters, under adverse weather
conditions, and in waters with moderate
to strong currents or wave action. The
Wildco box corer is like a heavy duty
Ekman with a frame and weights and
can be used to collect macroinverte-
brates in estuaries. Because of its weight
a winch is necessary for retrieving the
sample from a stationary boat.

The Ekman grab sampler is a box-
shaped device with two scoop-like jaws
that must penetrate the intended
substrate without disturbing the water-
sediment boundary layer, close when
positioned properly on the bottom, and
retain a discrete sample of sediment
while it is brought to the surface for
processing. Hinged doors on the top of
the grab prevent washout during sample
retrieval. The grab is made of 12- to 20-
gauge brass or stainless steel and weighs
approximately 32-kg. The box-like part
holding the sample has spring-operated
jaws on the bottom that must be
manually set. The sampler is available
in several sizes; however, in very soft
substrates only a tall model should be
used, either a 23-cm or a 30.5-cm model.
The Ekman grab can be operated from a
boat with a winch and cable.

Smith-McIntyre Grab:

The Smith-Mcintyre grab sampler is
designed to obtain samples of
macroinvertebrates from sediments in
rough weather and deep water in
estuaries and oceans. This device
samples a surface area of 0.1-m* and is
useful for sampling macroinvertebrates
from a broad array of sand, gravel, mud,
clay, and similar substrates.

The Smith-Mclntyre grab sampler has
hinged top doors to prevent sample
washout and the pressure wave in
descent. Its paired jaws are forced into
the intended substrate by two "loaded"
strong coiled springs when the grab

touches the bottom. The jaws close
when positioned properly on the
bottom, and retain a discrete sample of
sediment to be brought to the surface for
processing. The device is heavy and can
weigh 45.4-kg or more. The chief
advantage of the sampler is its stability
and easier control in deep and rough
waters. The spring-loaded jaws of the
Smith-McIntyre grab must be considered
a hazard and caution should be
exercised when using the device. Due to
the weight and size, this device must be
used from a vessel with boom and lifting
capabilities.

Modified Van Veen Grab:

The modified Van Veen grab sampler is
used to obtain samples of
macroinvertebrates from sediments in
estuaries and other marine habitats.

This device is useful for sampling sand,
gravel, mud, clay and similar substrates
and is available in three sizes: 0.06-m?,
0.1-m?, and 0.2-m?. Larger versions of
this grab are available, and their use is
dependent upon the type of bottom to be
sampled, and the type of vessel available
to deploy the sampler.

The modified Van Veen grab sampler
has paired jaws that penetrate the
intended substrate without disturbing
the water-sediment boundary layer.
They are closed by the pincher-like
action of two long arms. The long arms
give added leverage for penetrating
hard sediments.

The modified Van Veen is basically an
improved version of the Petersen grab in
that long arms have been attached to the
jaws to help stabilize the grab on the
bottom in the open sea just prior to or
during closure of the device. This grab
is used extensively in Puget Sound for
the ambient monitoring program and for
pollution-related surveys. Large hinged
screen doors with rubber flaps have
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been added to the top of the sampler for
access to the surface of the sample.
Additional weights can be applied to the
modified Van Veen jaws to effect greater
penetration in sediments, although
penetration is not as deep in hard sand
or cobble as with the Young grab or the
Smith-Mclintyre.

Young Grab:

The Young grab sampler is similar in
operation to the Van Veen and the
Smith-Mclntyre, but the sample can be
accessed undisturbed from the top of the
grab through hinged doors like a Smith-
Mcintyre. It is encircled by aring-like
frame which enhances flat, stable
landings of the grab on the substrate.
Weights can be added to the frame to
aid penetration in hard sand or cobble.
A major advantage of the Young grab is
efficient performance without the risk of
injury associated with the spring-loaded
Smith-Mclntyre. This grab can be
provided in a 0.044-m* and a 0.1-m?
version. The former is appropriate to
small boat operations while the latter
size is more effective for marine work
and obviously requires fewer lowerings
or "drops" to obtain the same volume of
material and community representation.

Recent comparisons of the Young and
Smith-Mclntyre grabs in rough Atlantic
waters revealed consistently greater
volumes of sediment collected by the
Young grab in six trials each in soft
sandy muds, sand, packed sand, and
sand and gravel sediments. While the
grabs were the same size (0.1-m?) and
had the same weight attached, the
significant factor in performance was the
design differences of the two grabs
(Gibson 1995, unpublished).

While either the 0.1-m* Young or Smith-
Mclntyre designs are effective off-shore
grabs for the biocriteria development
purposes of this guidance, the Smith-

Mclntyre provides better access to the
sample while the Young grab is easier
and safer to operate, especially in rough
weather. An advantage of both designs
is that the retrieved sample can be cross-
sectioned and examined intact, although
this is easier with the Smith-Mclntyre
design.

Core Samplers

Core samplers use a surrounding frame
to ensure vertical entry; vertical
sectioning of the sample is possible
(USEPA 1986-1991). Coring devices can
be used at various depths in any
substrate that is sufficiently compacted
so that an undisturbed sample is
retained; however, they are best suited
for sampling the relatively homogenous
soft sediments, such as clay, silt, or sand
of the deeper portions of estuaries and
coastal marine waters. Because of the
small area sampled, data from coring
devices are likely to provide very
imprecise estimates of the standing crop
of macrobenthos.

KB, Ballcheck, and Phleger Corers:

KB type, Ballcheck, and Phleger corers
are examples of devices used in shallow
or deep water; they depend on gravity to
drive them into the sediment. The cores
are designed so that they retain the
sample as it is withdrawn from the
sediment and returned to the surface.
Hand corers designed for manual
operation are used in shallow water.
Sections of the core can be extruded and
preserved separately or the entire core
can be retained in the tube and
processed in the field or laboratory.
Intact cores can also be preserved by
freezing and processed later.

Additional replication with corers is
feasible because of the small amount of
material per sample that must be
handled in the laboratory. Multiple-
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head corers have been used in an
attempt to reduce the field sampling
effort that must be expended to collect
large series of core samples (Flannagan
1970).

The Dendy inverting sampler (Welch
1948) is a highly efficient coring-type
device used for sampling at depths to 2-
or 3-m in nonvegetated substrates
ranging from soft mud through coarse
sand. Because of the small surface area
sampled, data obtained by this sampler
suffer from the same lack of precision
(Kajak 1963) as the coring devices
described above. Since the per-sample
processing time is reduced, as with the
corers, large numbers of replicates can
be collected.

Stovepipe-type devices include the
Wilding sampler (Wilding 1940, APHA
1992) and any tubular material such as
60- to 75-cm sections of standard 17-cm
diameter stovepipe (Kajak 1963) or 75-
cm sections of 30-cm diameter
aluminum irrigation pipe fitted with
handles. In use, the irrigation pipe or
commercial stovepipe is manually
forced into the substrate, after which the
contained vegetation and coarse
substrate materials are removed by
hand. The remaining materials are
repeatedly stirred into suspension,
removed with a long-handled dipper
and poured through a wooden-framed
floating sieve. Because of the laborious
and repetitive process of stirring,
dipping, and sieving large volumes of
material, the collection of a sample often
requires 20- to 30-minutes.

The use of stovepipe samplers is limited
to standing or slowly moving waters
having a maximum depth of less than
60-cm. Since problems relating to depth
of sediment penetration, changes in
cross-sectional area with depth of
penetration, and escape of organisms are
circumvented by stovepipe samplers,

they are appropriate for quantitative
sampling in all shallow-water benthic
habitats and can be deployed from small
boats. They probably represent the only
guantitative device suitable for sampling
shallow-water habitats containing
stands of rooted vascular plants and
they will collect organisms inhabiting
the vegetative substrates as well as those
living in sediments.

In marine waters, benthic macrofauna
are generally collected using various box
cores deployed from ships or other
platforms, or diver operated cores. A
box coring device consisting of a
rectangular corer having a cutting arm
which can seal the sample prior to
retraction from the bottom should be
used. In order to sample a sufficient
number of individuals and species, and
to integrate the patchy distribution of
fauna, each sample should have a
surface area of no less than 100-cm? and
a sediment depth of at least 20-cm. In
sediments having deep, burrowing
fauna, a box corer capable of sampling
deeper sediment may be needed. In
sandier sediments, it may be necessary
to substitute a grab sampler for the box
corer in order to achieve adequate
sediment penetration. Visual inspection
of each sample is necessary to insure
that an undisturbed and adequate
amount of sample is collected.

Sieve Mesh Size

The use of different sieve mesh sizes for
screening benthic samples limits the
comparability of results between marine
monitoring studies (Reish 1959; Rees
1984). The major advantage of using a
smaller mesh size is the retention of both
juvenile and adult organisms as well as
large-and small-bodied taxa. The major
disadvantage is the concomitant
increased cost of sample processing. For
example, using a 0.5-mm mesh rather
than a 1.0-mm mesh could increase
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retention of total macrofaunal organisms
by 130 to 180%; however, costs for
processing the samples may increase as
much as 200% (USEPA 1986-1991).

It is recommended that a standard mesh
size be selected for all monitoring
studies. A review of estuarine
monitoring programs from around the
country (Bowman et al. 1993) showed
that both 0.5- and 1.0-mm mesh sizes are
used, with a slight majority of the
programs reviewed using a 0.5-mm
mesh screen (Table 5-5). Dauer (1993)
evaluated biocriteria developed from
data collected as part of the Virginia
Benthic Biological Monitoring Program
using a 0.5-mm mesh screen.

Sieving can be done either aboard the
survey vessel or on shore after the
cruise. Sieving occurs prior to fixation
(sample preservation) aboard the vessel,
whereas waiting until after the cruise
requires fixation prior to sieving. If
inadequate concentrations of fixative are
added and deterioration or
decomposition of organisms occurs,
there may be significant sample
degradation. If large numbers of
samples are to be collected, field sieving
reduces sample storage requirements as
well as the modification/loss of data
(USEPA 1992, 1994d).

After samples have been collected, the
samples must be processed so that data
can be collected and analyzed. Two
aspects of sample processing of
particular concern are the subsampling
and identification that may occur in the
field or laboratory. Sorting procedures
are described in Klemm et al. (1992).

» Subsampling of benthic infauna can
be accomplished by subcoring; i.e.,
removing smaller core samples from
within a grab or core sample, and
sorting all organisms found within
the subcore. The size and number of

subcores that should be taken will
depend upon the variability of the
infaunal community. Representative
subsampling can be difficult to
achieve if benthic species have
patchy or clumped distributions.
Subsampling can also damage
collected organisms (e.g., polychaete
worms), decreasing the number of
specimens that can be identified to
genus or species;

» Several studies have examined the
effect of varying levels of taxonomic
analysis on the results of statistical
measures of the infaunal community
(e.g., Ferraro and Cole 1990, 1992,
1995, Warwick 1988, Warwick et al.
1990). The studies indicate thatin
some instances species-level
taxonomic identification does not
yield any more information than
family- or even phylum-level
identification. The degree of
taxonomic proficiency required to
adequately characterize the
community will depend upon the
diversity present in the community.
Species level identification is
necessary and cost-effective for fish
surveys. However, while this is
desired for macroinvertebrates, it is
often too costly and assessment
needs can usually be met at the
genus level.

Although species-level identifications
may not be necessary for classifying sites
as minimally impaired or impaired, this
degree of taxonomic identification may
be required to assess the sources of
impairment using data collected in Tier
3. Species-level identifications require
greater taxonomic expertise than do
higher taxonomic divisions; this species
level of expertise may not be as readily
available to state agencies. If this is the
case, then state resource managers must
determine whether the cost of
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Table 5-5.

Mesh sizes used in estuary benthic monitoring programs.

Monitoring Program Mesh Size (mm) Reference
Chesapeake Bay 0.5 Dauer 1993, Holland et al.
1987, 1988, 1989,
Ranasinghe et al. 1992
Tar/Pamlico 0.5 Eaton 1992a-d
EMAP-Near Coastal 0.5 USEPA 1992, Weisberg et
al. 1993, Holland 1990
Naples Bay, Florida 0.595 Simpson et al. 1979
Puget Sound Ambient 1.0 PSWQA 1988, 1990, 1991
Monitoring Program
Puget Sound Estuary 1.0 Simenstad et al. 1991
Program

contracting these identifications is
justified based on the information
obtained and the assessment tier to
which it would be applied. One
approach to this problem of obtaining
sufficient taxonomic expertise is for the
states of a region to cooperate in a joint
venture to employ the taxonomic
expertise necessary to all. In this
manner the cost of a skilled taxonomist,
either contracted or on staff, can be
shared.

5.1.2 Fish

Fish communities include species in a
variety of trophic levels (omnivores,
herbivores, planktivores, piscivores).
Fish are long-lived, integrate long- and
short-term changes, and they also
integrate effects of lower trophic levels;
thus, fish community structure is a good
measure of integrated environmental
health. Estuarine and coastal marine
fish receive a large amount of public
attention because of sport and
commercial fishing and attendant
concerns regarding fish production and
safety for human consumption. On the
negative side, fish may be wide-ranging
or migratory and might not reflect local

conditions in estuaries and coastal
marine waters; some fish species may
also be influenced by management
(stocking), angling, and commercial
harvesting; and unbiased sampling is
difficult because each feasible gear type
is highly selective.

Sampling Gear

Fish communities may vary
considerably among the numerous
habitat types that may be presentin a
target estuary or coastal marine area.
The choice of sampling method and gear
type will depend upon the habitat and
the fish species of interest. Shallow
areas may best be sampled using dip
nets or beach seines, while deeper
waters may be sampled using gill nets,
purse seines, or otter trawls. Net and
mesh size should be appropriate to
allow a representative sample of target
fish to be obtained. Fishing effort
should be comparable among stations
with constant tow distances, times,
speeds, and lengths of traw! warps.
Because there is no easy way of
estimating population size in any given
area of an estuary or coastal marine area,
consistency in effort is of the utmost
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importance to allow legitimate
comparisons among sites.

Maryland DNR’s IBI sampling
techniques are designed to sample the
nearshore fish communities in the tidal
tributaries of the Chesapeake Bay. They
were modeled after the Maryland
Striped Bass Juvenile Seine Survey
which has been ongoing since 1954
(Goodyear 1985). Two beach seines are
pulled at each site allowing a half hour
interval between hauls for repopulation
of the seine area. Seines are pulled with
the tide employing a “quarter sweep”
method where one end of the seine is
held on shore while the other end is
fully extended perpendicular to shore,
and then pulled back into shore forming
a semi-circle. The seine used is a bagless
6.4-mm mesh seine 30.5-m in length and
1.2-m deep. Precautions are taken upon
approaching the site to avoid
disturbance of the sampling area.

Concurrent trawls are pulled with the
tide in the channel adjacent to shore. A
small otter trawl (3.1-m with 12.8-mm
stretch mesh, and 50.8-cm x 25.4-cm
doors) with tickler chains is used to
sample the bottom community local to
the seine sample area. Water quality
measurements (temperature, dissolved
oxygen, pH, conductivity, and salinity)

Table 5-6. Sampling summary for fish.

and Secchi depth are also taken in the
trawling area. Water quality is sampled
at surface, mid, and bottom depths.
These measurements have proven useful
in relating water quality parameters to
fish communities. A summary of fish
sampling is given in Table 5-6.

» Subsampling of fish collected using
any of the sampling methods
mentioned above is problematic. It
is probably most efficient and
statistically valid to identify and
make external measurements and
observations of all fish caught
during a given tow or time period.

» The level of taxonomic identification
required to effectively characterize
the fish community will depend
upon the diversity of the community
being sampled and the metrics being
used to evaluate the data.
Identification to species is preferable
for most individuals taken in a given
area. Individuals that cannot be
field-identified should be preserved
and returned to the lab for
identification.

5.1.3 Aquatic Macrophytes

Macrophytes form an integral part of the
littoral zone of many estuaries and

Habitat Sublittoral.

Sampling Gear
fish, usually otter trawls.

Seines and any gear that effectively captures bottom-feeding and pelagic

Index Period

particular problems.

Any season can be selected depending upon migration and recruitment
patterns in the region. Seasonal sampling might be needed to assess

performed.

Sampling Bottom-feeding and pelagic fish. Sufficient sets of gear to obtain
representative species counts (usually 4 or more).
Analysis Collected species are weighed, measured, and examined for external

abnormalities (lesions, growths, deformities). Histopathology may be
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coastal marine waters, serving as habitat
for fish and invertebrates as well as
being a distinct biological assemblage.
For many estuaries, the areal extent and
distribution of SAV is used as an
indicator of estuarine quality (Batiuk et
al. 1992). Ecosystems whose primary
producer component is dominated by
aquatic macrophytes can be transformed
to macro algae or phytoplankton-
dominated systems through nutrient
enrichment. Increased nutrient input
stimulates macrophyte growth;
however, it also promotes growth of
periphyton and phytoplankton, which
shade the SAV. The shading reduces
macrophyte growth and survival
(Dennison et al. 1993, Batiuk et al. 1992).
Overall, macrophyte standing stock is an
excellent indicator of estuarine water
quality. The presence of confounding
factors, such as diseases, can be
determined from examination of
affected plants, or from historical
information. Potential macrophyte
metrics are listed in Table 5-7 and the
recommended sampling protocol for
macrophytes is summarized in Table 5-
8. Field sampling can be performed in a
single visit. Plants are identified and
weighed on-site, with voucher
specimens preserved as necessary.
There is no intensive laboratory analysis
required.

5.1.4 Phytoplankton

Phytoplankton are the base of most
estuarine food webs (Day et al. 1989),
and fish production is linked to
phytoplankton primary production (e.g.,
Day etal. 1989). Excessive nutrient and
organic inputs from human activities in
estuaries and their watersheds leads to
eutrophication characterized by:
reduction in seagrasses, increases in
phytoplankton biomass, macrophyte
biomass (macroalgal biomass), reduced
water clarity, and reduced oxygen
saturation in bottom waters. From a

human perspective, problems might
include loss of aesthetic appeal,
decreases in desirable commercial and
game fishes, and loss of recreational
access caused by increased macrophyte
production.

Phytoplankton standing stock is
measured by surface chlorophyll a
concentration, sampled at the 0.5-m
depth at each sampling site (Table 5-9).
Tiers 1 and 2 can use a single
measurement taken at each sampling
site with a fluorometer attached to a
conductivity-temperature-depth meter
(CTD) (USEPA 1994c) taken from June
through September. Alternatively,
chlorophyll 2 may be determined
spectrophotometrically on
phytoplankton samples returned to the
lab. Tier 2 can include identification of
dominant taxa, including nuisance taxa.
Tier 3 uses a seasonal or annual average
surface chlorophyll concentration from
all stations over all sampling events and
can include full characterization of the
phytoplankton community.

If phytoplankton communities are to be
sampled, several techniques may be
employed; these are described more
fully in APHA (1992).

» Phytoplankton samples may be
obtained using water bottles
deployed on awire at a given, or
preferably various, depths. The
water bottles used should be
constructed and cleaned in a manner
appropriate for the collection of
phytoplankton samples (e.g., Niskin
bottles washed and rinsed in order
to remove contaminants).
Chlorophyll concentration is
measured from the sampled water,
and phtyoplankton cells may be
filtered or settled for identification
and enumeration.
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Table 5-7. Potential aquatic macrophyte metrics.

Metric Response to impairment

Tier 1:
% cover
dominant taxa

substantially more or less than reference
substantially more or less than reference

Tiers 2-3:
% cover reduced or enhanced
biomass substantially more or less than reference
maximum depth of plant growth reduced under enrichment
density of new shoots reduced
stem counts reduced
Table 5-8. Sampling summary for aquatic macrophytes.

Habitat

Euphotic zone.

Sampling Gear

Aerial photography; quadrats

Index Period

During growing season

Sampling Tier 1: Estimate of area covered by macrophytes.
Tiers 2-3: Quadrat samples for biomass collected by diver; 3-5 randomly
placed transects perpendicular to shore; samples are taken at 0.5-m
depth intervals from edge of emergent zone to the sublittoral.

Analysis Tier 1: Dominant taxa identified, % cover estimated from aerial
photography.
Tiers 2-3: All species identified, relative abundance of each estimated
from wet weight.

Table 5-9. Sampling summary for phytoplankton.
Habitat Each sampling site preferred.

Sampling Gear

Fluorometer attached to CTD (USEPA 1994e) for in situ measurements;
or spectrophotometrically on water samples collected with a water
sampler.

Index Period

Tiers 1 and 2: June - September
Tiers 2 (optional) and 3: growing season average; 6-10 samples; March -
October (longer in subtropical regions).

Sampling Preferred: single sample, 0.5-m depth.
Alternate: at same depths as nutrient samples.
Analysis Tier 1: Chlorophyll a mg/L (Tiers 1-3). Tier 2: ID dominant taxa. Tier 3:

full community species characterization.
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» Phytoplankton may also be
collected by net hauls using a
plankton net with an appropriate
mesh size.

Bottle collections are most useful
when analyzing a bulk community
measure such as chlorophyll a
concentration (assuming a
fluorometer coupled toa CTD is not
used), while net hauls are better for
studies designed to enumerate
species. Water samples for
chlorophyll a determination can also
be used for nutrient analysis.

» The level of taxonomic
identification that should occur
will depend upon the diversity of
the community, the analyses that
are to be performed, and the cost
and availability of taxonomic
experience;

» If phytoplankton are collected
using water bottles, the water may
be subsampled in the field or lab
prior to analysis. The size and
number of subsamples that should
be taken will depend upon the
variability presentin the
community;

» If subsamples are taken from net
hauls, it may be necessary to
resuspend the organisms found in
the cod end of the net in a larger
volume of water in order to
facilitate subsampling.

5.1.5 Zooplankton
(Developmental)

Zooplankton are most effectively
sampled using net hauls with 118-pm
mesh sizes. Because zooplankton are
known to exhibit diel periodicity in
their locations in the water column,
sampling times should reflect this
temporal variability; i.e., sampling

should, in general, be conducted at
night. Also, consideration should be
given to the use of vertical or oblique
tows. In any instance, gear size, mesh
size, rate of retrieval on the haul back,
vertical or oblique tow, time of day or
night and tide cycle are factors which
must be kept constant if zooplankton
surveys are to be included in
biocriteria development.

Meaningful bulk community
measurements do not exist for
zooplankton; therefore, if zooplankton
are to be sampled, they should be
identified and enumerated. It may be
difficult to locate or develop the
taxonomic expertise necessary to
identify zooplankton to species,
especially given the large number of
planktonic larvae. Zooplankton are
considered to be in a developmental
status with respect to their use as an
estuarine and coastal marine
bioassessment assemblage.
Zooplankton populations experience
year-round seasonal fluctuations in
abundance as a result of variable
larval recruitment into the population,
variable food sources, and physical
processes which may move larvae and
adults into and out of the estuary (Day
et al. 1989). The pattern of seasonal
abundance differs with changes in
latitude. Zooplankton in higher
latitudes have one or more mid-
summer peaks and very low numbers
during the winter.

Abundances in temperate estuaries
are much more variable and may
experience spring peaks and minima
during the summer and winter
months. Tropical estuaries do not
experience the low in population
during the winter.

Some long-term monitoring projects
have identified community measures
that indicate changes in
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environmental conditions over time
(e.g., nutrient loads or toxicants), as
well as particular zooplankton taxa
whose densities affect larval fish
survival (Buchanan 1991).
Zooplankton community
characteristics that are under
investigation for application as
bioindicators include:

» Diversity, measured through
standard indexes such as
Shannon-Wiener, to evaluate the
taxonomic complexity of the
assemblage;

» Ratios of specific taxonomic
groups within the assemblage to
gauge community balance and
identify possible impairment;

» Presence of Hypotrichs (a ciliate of
the order Hypotrichida);

» Total biomass to assess
assemblage production;

» Relative abundance of pollution
tolerant and sensitive species to
identify and evaluate impairments
to the assemblage;

» Unnatural variability in
abundance can be used to identify
the presence of short-term
pollution or climate events;

» Size structure can be used to
evaluate the growth of cohorts in
the assemblage, which can
provide information on possible
short- and long-term system
perturbations.

5.1.6 Epibenthos (Developmental)

The epibenthos assemblage is also
considered to be in a developmental
stage for use in estuarine and coastal
marine bioassessment. Taxa within

the epibenthic community appear to
be persistent and sensitive to
environmental stress. They are
characterized by physiological
mechanisms that allow them to
tolerate the varying salinity, DO, and
temperature conditions encountered
in estuaries and coastal marine waters,
or reproductive cycles that allow them
to avoid high-stress periods. Some
epibenthos and facultative infauna
can relocate to avoid areas of
environmental stress.

Epibenthos can be sampled using a
Renfro beam trawl, otter trawl, or
epidbenthic sled. Camera tows or
remotely operated vehicles with
camera or video capabilities may also
allow enumeration of epibenthos,
although collection of organisms
would not be possible and
guantitative assessments difficult.
Subsampling might involve a process
similar to that suggested by Plafkin et
al. (1989); a box with a numbered grid
system into which collected
epibenthos are evenly distributed
could be used to randomly select an
appropriate number of organisms for
subsequent sorting.

Some of the advantages to using
epibenthos for estuarine and coastal
marine bioassessment are:

» This assemblage is very sensitive
to anthropogenic sources of stress,
and it can be used in both a
nearfield and farfield context with
equal facility;

Sampling can be conducted in shallow
waters using adip net and in deep
waters with a trawil;
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Table 5-10.

The total number of common
species will be limited by the fact
that the deep water sampling gear
is restricted to fairly level bottoms;

Subsampling can be employed to
reduce labor costs and increase
cost-effectiveness;

Field and lab work, and data
analyses can be done quickly with
trained personnel;

Samples can be sorted
gualitatively, and a nonparametric
analysis can be applied to provide
a quick screening method.

Sampling summary for epibenthos.

» Seagrasses and macroalgae can
hinder or increase the time
necessary for field sorting;

» The seasonality of epifauna needs
to be factored into the sampling
design.

The developmental method described
in Chapter 13 appears promising for
detecting impairment. If successfully
adapted to regions outside Florida,
North Carolina, and Puget Sound
where it is being tested, it may
become a standard estuarine
bioassessment method in the future.
A proposed sampling protocol is
summarized in Table 5-10.

Habitat Soft sediments (sleds and trawls); shallow, vegetated (dip net)

Sampling Gear Renfro Beam Trawl (Farrell 1993a,b), small otter trawl; epibenthic sled; dip

net

Index Period Preferred: mid-summer

Alternative: growing season, average of 10 samples.

Sampling Ca. 4-m tow length in estuaries; 0.1 - 0.5 nm tow lengths (DGPS) in
coastal waters and Puget Sound.

Analysis Taxonomic ID preferably to species.

The disadvantages of this assessment
methodology are:

>

The stress index is developed
solely for anoxia; it might not
allow assessment of other
stressors;

Stress values may not be available
for many species, or may be
difficult to determine;

Sleds and trawls are restricted to
level bottoms; and cannot be used
for sampling hard bottoms, or rock
rubble;

5.1.7 Paleoenvironmental Systems
(developmental)

Diatom and foraminifera species have
narrow optima and tolerances for
many environmental variables, which
make them useful in quantifying
environmental characteristics to a
high degree of certainty. They
immigrate and replicate rapidly,
which makes them quick to respond
to environmental change (Dixit et al.
1992). Changes in assemblages also
correspond closely to shifts in other
biotic communities sampled in
estuaries such as aquatic macrophytes,
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zooplankton, and fish. They have also
been used alone as environmental
indicators of eutrophication, metal
contamination, salinification, thermal
effluents, and land use changes.
Furthermore, since diatoms and
foraminifera are abundant in almost
every marine ecosystem, a relatively
small sample is sufficient for analysis.
This allows for many samples to be
easily collected, analyzed, and
archived (Dixit et al. 1992).

The general lack of time-series data
has prompted attempts to
demonstrate marine eutrophication
from present-day observations using
the benthic community and chemical
criteria (Dale et al. 1999). Benthic
foraminifera have been proven useful
as indicators of oxygen concentration
in bottom sediments (Alve 1991).
Dinoflagellate cysts are also
increasingly useful as indicators of
short-term environmental change
caused by climate and human
pollution (Dale et al. 1999). The cysts
are recovered by pollen identification
techniques; they are acid-resistant and
therefore not subject to dissolution
problems sometimes affecting diatoms
and foraminifera (Dale et al. 1999).
Measurements of biogenic silica in
sediments are most often used as an
index of diatom production (Stoermer
et al. 1990, Conley et al. 1993, Cooper
1995). Isolation of BSi from Si in
mineral phase is based upon the fact
that the silica of diatoms is only
weakly crystalline and dissolves
readily in a weak base. Potential
indicators and a proposed sampling
summary are shown in Tables 5-11
and 5-12.

The total number of cores takenin a
particular estuary is dependent upon
the hydrological complexity of the
estuary. Generally, one to three cores,
but some times up to ten are required

from each estuary or tributary being
assessed. However, once a
paleoecological record is established,
there is no need to repeat the
sampling.

Although the number of cores is
small, each core requires substantial
effort to analyze: sectioning,
radioisotope dating, chemical
analysis, pollen analysis for further
dating, and diatom or foraminifera
analysis. Current estimates for
paleological analysis is about $100 per
section (not per core), depending on
the number and intensity of analysis
done on each section and the
experience of the lab performing the
analysis. The complexity of estuaries
requires some background
information about the area in which
sampling is occurring. This
information should assist in decision
making on the location and number of
cores to be retrieved.

The study of paleocenvironmental
systems requires a corer that will
retrieve an intact core, with minimal
edge disturbance (Table 5-4). K-B,
Phleger, and Piston corers have all
been used successfully for these
analyses (see Section 5.1.1). Small
surface area is not an issue; a single
core will suffice.

5.2 Sampling Design Issues

Consideration of sampling design is
critical in developing a new
monitoring program for estuarine
bioassessment and biocriteria.
Sampling design includes defining the
questions to be addressed by the data,
defining the units that will be
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Table 5-11. Potenti

al paleoecological indicators

Indicator

Response to Impairment

Reference

Taxa richness (diatom,
foraminifera,
dinoflagellate cysts )

reduced

Cooper and Brush 1991

Biogenic silica

increase with nutrient
enrichment

Turner and Rabalais 1994

Total organic carbon,
Total N, Total S

increase with enrichment

Turner and Rabalais 1994

Ammonia/Elphidium
ratio (foraminifera)

increase with hypoxia

Sen Gupta et al. 1996

Centric/pennate ratio
(diatoms)

increase with nutrient
enrichment

Cooper and Brush 1991

% Cyclotella

increase with nutrient
enrichment

Cooper and Brush 1991

sedimentation rate

increase with watershed
erosion

Brush 1989

Dinoflagellate cysts

increase with cultural
eutrophication

Dale et al. 1999

% Fursenkoina

increases with hypoxia

Alve 1991

% Trochammina

increases with hypoxia

Patterson 1990

Table 5-12.

Sampling summary for paleoenvironmental systems

Habitat

Stable depositional zone, biogeochemical conditions for preservation

Sampling gear

Bottom corer

Index period None

Sampling Tiers 1-2: none
Tier 3: background information specific to the estuary being sampled will
determine the number of cores necessary.

Analysis Cores sectioned at regular intervals depending on deposition rate and
resolution desired.

Diatoms Species composition and enumeration of at least 300 organisms in each

Foraminifera section. Digestion/clarification methods depend on assemblage.

Dinoflagellate

Cysts

Age of sections
up to 150 years

2%Pp determination based on radioisotope assay with alpha

spectroscopy.

Older than 150

years

Palynological (pollen) analysis correlated with known historical changes

in terrestrial vegetation (land use), and "*C analysis (>1000 yr).
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sampled, and developing a sampling
design that is cost-effective for
answering the defined questions.
5.2.1 Statement of the Problem
The first task in developing a
sampling and assessment program is
to determine, and be able to state in
simple fashion, the principal questions
that the sampling program will
answer. Questions may or may not be
framed as hypotheses to test,
depending on program objectives. For
example, suppose that a sampling
program objective is to establish
reference conditions for biological
criteria for estuaries in a given region.
Typically, the initial objectives of a
survey designed to develop criteria
are to identify and characterize classes
of reference sites in estuaries. Initial
guestions may then include:

» Should minimally disturbed sites
be divided into two or more
classes that differ in biological
characteristics and dynamics?;

» What are the physical, chemical,
and relevant biotic characteristics
of each of the estuary site classes?

After the monitoring and assessment
program has developed biological
criteria, new questions need to be
developed that encompass
assessments of individual sites,
estuaries, or estuaries of an entire
region or state. Specific questions
may include:

» Is site abc similar to reference sites
of its class (unimpaired), or is it
different from reference sites (is it
altered or impaired)?;

» Overall, what is the status of
estuarine waters in the region?
What percentage of estuarine

waters is similar to reference
conditions? What percentage is
impaired?;

» Has estuary abc changed over a
certain period? Has it improved
or deteriorated?;

» Overall, have estuarine waters in
the region improved or
deteriorated over a certain period?
Have individual estuaries
improved? Are more waters
similar to reference conditions
now than some time ago?

Finally, resource managers often wish
to determine the relationships among
variables, that is, to develop
predictive, empirical (statistical)
models that can be used to design
management responses to perceived
problems. Examples of specific
guestions include:

» Can trophic state of an estuary be
predicted by areal nitrogen
loading rate?;

» Can biota of an estuary be
predicted by watershed land use?

Monitoring and assessment data, and
derived models, may also be used to
help determine causal relationships
between stressors and responses of
systems. Inferring cause requires
manipulative experiments, or
inference from multiple lines of
evidence (Suter 1993). Since surveys
and monitoring programs preclude
experimental investigations, inference
of causal relations is beyond the scope
of this document. Often, there is
enough experimental evidence
available from other studies so that
additional causal experiments are not
necessary and would be superfluous
(e.g., current knowledge of nutrients
and trophic state generally makes it
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unnecessary to “prove”
experimentally which nutrients are
limiting). The development of
predictive models usually does not
require formal hypothesis testing.

It is also necessary to specify the units
for which results will be reported.
Usually, these units are the population
(e.g., all estuarine waters), but often
subpopulations (e.g., embayments or
tributaries of a given estuary) and
even individual locations (e.g., sites of
special interest) can be used. In order
to help develop the sampling plan, it
is useful to create hypothetical
statements of results in the way that
they will be reported, for example:

» Status of a place: Baltimore harbor is
degraded;

» Status of aregion: 20% of the area
of Puget Sound has elevated trophic
state, above reference expectations; or
20% of estuaries in Oregon have
elevated trophic state;

» Trends at a place: Benthic species
richness in Baltimore harbor has
increased by 20% since 1980;

» Trends of a region: Average estuary
trophic state in New Jersey has
increased by 20% since 1980; or
Average benthic index values in 20%
of estuaries of the west coast have
increased by 15% or more since 1980;

» Relationships among variables:
50% increase of N loading above
natural background is associated with
decline in taxa richness of benthic
macroinvertebrates, below reference
expectations; or Estuaries receiving
runoff from large urban areas have
50% greater probability of elevated
trophic state above reference than
estuaries not receiving such runoff.

5.2.2 Definition of the Assessment
Unit

Defining the resource and assessment
unit of the resource begins the process
of developing biological criteria. An
“assessment unit” is a whole estuary
or part of an estuary, that will be
assessed as meeting criteria, being
impaired, etc. Clearly, a single square
meter where a grab sample is taken is
not large enough to be an assessment
unit. An assessment unit should
consist of a definable segment, basin,
or entire estuary. For example, alarge
complex estuary such as Puget Sound
could be divided into its component
inlet bays, canals, and passes. Many
of the larger components could in turn
be divided into segments.

Segmentation could be determined by
some combination of mean salinity,
water residence time, dominant
substrate, or mean depth. For
example, since estuarine fauna are
determined by salinity, segmentation
often corresponds to salinity zone
(tidal fresh, oligohaline, mesohaline,
polyhaline, and marine). Small
estuaries, such as salt ponds in New
England, could be single assessment
units.

An assessment unit is the smallest
spatial subdivision of an estuary that
will be assessed; i.e., given a rating of
good or poor. An assessment may be
based on one or more sample units
within an assessment unit. A sample
unit (or sample site) is a site where an
observation is made.

5.2.3 Specifying the Population
and Sample Unit

Sampling is statistically expressed as a
sample from a population of objects.
Thompson (1992) suggested in some
cases, the population is finite,
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countable, and easy to specify, (e.g.,
all persons in acity, where each
person is a single member of the
population). In estuaries, the
population is often more difficult to
specify and may be infinite, (e.g., the
sediment of San Francisco Bay, where
any location in the Bay defines a
potential member of the population).
Sampling units may be natural units
(entire estuaries, cobbles on a beach),
or they may be arbitrary (plot,
quadrat, sampling gear area or
volume) (Pielou 1977). Finite
populations may be sampled with
corresponding natural sample units,
but often the sample unit (say, an
estuary) is too large to measure in its
entirety, and it must be characterized
with one or more second stage
samples of the sampling gear (bottles,
benthic grabs, quadrats, etc.).

The objective of sampling is to best
characterize individual sample units
in order to estimate some attributes
(e.g., nutrient concentrations, DO) and
their statistical parameters (e.g., mean,
median, variance, percentiles) of a
population of sample units. The
objective of the analysis is to be able to
say something (estimate) about the
population. Examples of sample units
include:

» A pointin an estuary (may be
characterized by single or multiple
sample device deployments). The
population would then be all
points in the estuary, an infinite
population. This is the most
common sample unit applied to
estuarine assessments;

» A constant area, (e.g., square
meter, hectare). The population
would be an artificial one
consisting of all square meters of
estuarine surface area in an
estuary, a state or a region;

» An estuary or a definable portion
of the estuary as a single sample
unit. Whole estuaries as sample
units would only be used in very
broad-scale regional assessments,
as was done by EMAP-NC, for
example, for small estuaries as a
population (e.g., Strobel et al.
1995).

5.2.4 Sources of Variability

Variability of measurements has many
possible sources, and the intent of
many sampling designs is to minimize
the variability due to uncontrolled or
random effects, and conversely to be
able to characterize the variability
caused by experimental or class
effects. For example, we may stratify
estuarine waters by salinity and
bottom substrate type (rocky, sandy,
muddy). Typically, we stratify so that
observations (sample units) from the
same stratum will be more similar to
each other than to sample units in
other strata.

Environmental measures vary across
different scales of space and time, and
sampling design must consider the
scales of variation. When sampling
estuaries, measurements (say, benthic
assemblages) are taken at single
points in space and time (1 point
along a transect in mid-summer). If
the same measurement is made at a
different place (littoral zone),
embayment, or time (winter), the
measured values will likely be
different. A third component of
variability is the ability to accurately
measure the quantity interested in,
which can be affected by sampling
gear, instrumentation, errors in proper
adherence to field and laboratory
protocols, and the choice of methods
used in making determinations.
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The basic rule of efficient sampling
and measurement is to sample so as to
minimize measurement errors; to
maximize the components of
variability that have influence on the
central questions and reporting units;
and to control other sources of
variability that are not of interest, that
is, to minimize their effects on the
observations. Many locations are
sampled in order to examine and
characterize the variability due to
different locations (the sampling unit).
Each site is sampled in the same way,
in the same place, and in the same
time frame to minimize confounding
variability.

In statistical terminology, thereis a
distinction between sampling error
and measurement error that has little
to do with actual errors in
measurement. Sampling error is the
error attributable to selecting a certain
sample unit (e.g., an estuary or a
location within an estuary) that may
not be representative of the
population of sample units. Statistical
measurement error is the ability of the
investigator to accurately characterize
the sampling unit. Thus,
measurement error includes
components of natural spatial and
temporal variability within the sample
unit as well as actual errors of
omission or commission by the
investigator. Measurement error is
minimized with methodological
standardization: selection of cost-
effective, low variability sampling
methods, proper training of
personnel, and quality assurance
procedures to minimize
methodological errors. In analytical
laboratory procedures, measurement
error is estimated by duplicate
determinations on some subset of
samples (but not necessarily all).
Similarly, in field investigations, some
subset of sample units should be

measured more than once to estimate
measurement error.

If the variance of individual
measurements (measurement error) is
unacceptably large; i.e., as large or
larger than variance expected among
sample units, then it is often necessary
to alter the sampling protocol, usually
by increasing sampling effort in some
way, to further reduce the
measurement error. Measurement
error can be reduced by multiple
observations at each sample unit, (e.g.,
multiple dredge casts at each
sampling event, multiple observations
in time during a growing season or
index period, depth-integrated
samples, or spatially integrated
samples.

A less costly alternative to multiple
measures in space is to make spatially
composite determinations. In nutrient
or chlorophyll determinations, a water
column pumped sample, where the
pump hose is lowered through the
water column, is an example of a
spatially composite determination.
Spatial integration of an observation
and compositing the material into a
single sample is almost always more
cost-effective than retaining separate,
multiple observations. This is
especially so for relatively costly
laboratory analyses such as organic
contaminants and benthic
macroinvertebrates. Many estuarine
programs have adopted sampling
protocols consisting of multiple grabs
at a site that are then composited into
a single bucket for laboratory
determinations (e.g., EMAP Near
Coastal: 3 composited Van Veen grabs
at each site; Holland 1990).

Statistical power is the ability of a
given hypothesis test to detect an
effect that actually exists, and must be
considered when designing a
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sampling program (e.g., Peterman
1990, Fairweather 1991). The power of
atest (1-b) is defined as the
probability of correctly rejecting the
null hypothesis (H,) when Hj is false;
i.e. the probability of correctly finding
a difference [impairment] when one
exists. For a fixed confidence level
(e.g., 90%), power can be increased by
increasing the sample size or the
number of replicates. To evaluate
power and determine sampling effort,
an ecologically meaningful amount of
change in a variable must be set. See
Chapter 12 for a discussion of
statistical power, and examples.

Optimizing sampling design requires
consideration of tradeoffs among the
measures used, the effect size that is
considered meaningful, desired
power, desired confidence, and
resources available for the sampling
program. Every study requires some
level of repeated measurement of
sampling units to estimate precision
and measurement error. Repeated
measurement at 10% or more of sites
iSs common among many monitoring
programs.

5.2.5 Alternative Sampling
Designs

Sampling design is the selection of a
part of a population to observe the
attributes of interest, in order to
estimate the values of those attributes
for the whole population. Classical
sampling design makes assumptions
about the variables of interest, in
particular, it assumes that the values
are fixed (but unknown) for each
member of the population, until that
member is observed (Thompson 1992).
This assumption is perfectly
reasonable for some variables, say,
length, weight, and sex of members of
an animal population, but it seems
less reasonable for more dynamic

variables such as nutrient
concentrations, loadings, or
chlorophyll concentrations of
estuaries. Designs that assume that
the observed variables are themselves
random variables are model-based
designs, where prior knowledge or
assumptions (a model) are used to
select sample units.

Probability-based designs (random
sampling)

The most basic probability-based
design is simple random sampling,
where all possible sample units in the
population have the same probability
of being selected, that is, all possible
combinations of n sample units have
equal probability of selection from
among the N units in the population.
If the population N is finite and not
excessively large, a list can be made of
the N units, and a sample of n units is
randomly selected from the list. This
is termed list frame sampling. If the
population is very large or infinite
(such as locations in an estuary), one
can select a set of n random (x,y)
coordinates for the sample.

All sample combinations are equally
likely in simple random sampling,
thus there is no assurance that the
sample actually selected will be
representative of the population.
Other unbiased sampling designs that
attempt to acquire a more
representative sample include
stratified, systematic, multistage, and
adaptive designs (Figure 5-2). In
stratified sampling, the population is
subdivided or partitioned into strata,
and each stratum is sampled
separately. Partitioning is typically
done so as to make each stratum more
homogeneous than the overall
population. Systematic sampling is
the systematic selection of every k™
unit of the population from one or

Estuarine and Coastal Marine Waters: Bioassessment and Biocriteria Technical Guidance 5-27



Sampling Methods

Simple Random:  Samples are independently located -

at random

Systematic: Samples are located at regular
intervals

Stratified: The study area is divided into
nonoverlapping strata and samples
are obtained from each

Multistage: Large primary units are selected

which are then subsampled

Figure 5-2

Description of
various sampling
methods.
Adapted from
USEPA 1992.

E

more randomly selected starting units,
and ensures that samples are not
clumped in one region of the sample
space. Multistage sampling requires
selection of a sample of large primary
units, such as fields, hydrologic units,
rectangles, or hexagons, and then
selection of secondary sample units
such as plots or estuaries within each
primary unit in the first stage sample.

Estimation of statistical parameters
requires weighting of the data with
inclusion probabilities (the probability
that a given unit of the population
will be in the sample) specified in the
sampling design. In simple random
sampling, inclusion probabilities are
by definition equal, and no corrections
are necessary. Stratified sampling
requires weighting by the inclusion
probabilities of each stratum.
Unbiased estimators have been
developed for specific sampling
designs, and can be found in sampling
textbooks, such as Thompson (1992).

Model-based designs

Use of probability-based sampling
designs may miss relationships
among variables (models), especially
if there is a regression-type
relationship between an explanatory
and a response variable. As an
example, estimation of benthic
response to discharge or outfalls
requires a range of sites from those
directly adjacent to the outfalls to
those distant from, and presumably
unaffected by, the outfalls (e.g.
Warwick and Clarke 1991). A simple
random sample of estuarine sites is
not likely to capture the entire range,
because there would be a large cluster
of far sites, with few at high ends of
the gradient. A simple random
sample may therefore be highly
inefficient with respect to models or
specific hypotheses.

In model-based designs, sites are
selected based on prior knowledge of
auxiliary variables, such as estimated
loading, depth, salinity, substrate
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type, etc. These designs preclude an
unbiased estimate of the state of the
estuaries, unless the model can be
demonstrated to be robust and
predictive, in which case the
population value is predicted from the
model and from prior knowledge of
the auxiliary (predictive) variables.
Selection of unimpacted reference
sites is an example of a model-based
design which cannot later be used for
unbiased estimation of the biological
status of estuaries. ldeally, it may be
possible to specify a design that
allows unbiased estimation of both
population and model, with an
appropriately stratified design.
Statisticians should be consulted in
developing the sample design for a
biological criteriaand monitoring
program.

Selecting a Design

The selection of a statio